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Essays in Biochemistry: Molecular Trafficking 
Edited by P Bernstein, The Journal of Experimental Medicine, New York, USA 


185578 131 X Paperback July 2000 200 pages £19.00 


This volume of Essays in Biochemistry is a collection of review articles describing how molecules 
(proteins and nucleic acids) are targeted to, and transported across, various membrane-bound organelles 
within eukaryotic cells. 


The 1999 Nobel Prize in Physiology or Medicine was awarded to Dr Gunter Blobel "for the discovery 
thar proteins have intrinsic signals that govern their transport and localization in the cell”. The award 
acknowledges the importance of the study of how newly synthesized protein and RNA find their correct 
destination within the cell. This volume summarises advances being made in this field of research. 


Students (and their teachers) who are undertaking advanced studies in cell biology will find this book 
extremely useful, 


Essays in Biochemistry: Molecular Motors 
Edited by S] Higgins, University of Leeds, UK and G Banting, University of Bristol, UK 


1 85578 103 4 Paperback March 2000 206 pages £19.00 


Biological systems abound with examples of molecular motors — biological machines for converting the 
chemical energy of ATP into mechanical movement by cells — they play pivotal roles in diverse cellular 
function, 


This volume, covers many of the most exciting developments in the field. 


* All of the main motor systems are featured, giving wide coverage. 

Consists of short punchy review articles, making it easy to read. 

The application of gene-cloning methods and the recent advances are described. 

Human disorders involving defects in molecular motor systems such as hearing loss and heart disease 

are covered. 
The Nobel Prize for Chemistry was awarded to John Walker and Paul Boyer in 1997 for their work in 
elucidating the mechanism of the rotary generator of ATP in the mitochondrion, the F ATPase. This 
brought the new developments in the field of molecular motors to the attention of the whole scientific 
community and, via the media, to a wider world audience. 


This volume aims to inspire voung scientists to want to work in this area. 
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Essays in Biochemistry: Metalloproteins 
Edited by D Ballou, University of Michigan, USA 
1 85578 106 9 Paperback July 1999 200 pages. £19.00 
Metals are involved in most segments of the chemistry of life, including respiration, numerous steps of 
metabolism, photosynthesis, nitrogen fixation, nerve transmission, signal transduction, muscle contrac- 
поп, oxygen transport and protection from xenobioric compounds. In addition, metals are used in 
medicine as therapeutic agents. This volume describes many of the roles of metals in a variety of circum- 
stances that are used widely in biology. 


The 12 chapters of this volume are written by several of the best-known experts in their specialities. 


Essays in Biochemistry: Gene Regulation 
Edited by K Chapman, The University of Edinburgh, UK 


1.85578 138 7. Paperback October 2000 200 pages £19.00 
Contents: Transenptional regulation, a unifying mechanism, M Ptashne and A Gann; Regulation of 
eukaryotic transcription initiation, G Gill; Activation and repression of transcription initiation in 
bacteria, G Lloyd, P Landini and S Busby; Signalling from the cell surface to the nucleus, M Lee and 

э Goodbourn; Cell cycle control of transcriptional activity, N La Thangue and N Shikama: 
Transcriptional regulation in the context of chromatin structure, A Wolffe; Methylation in the control 
of gene expression in vertebrate development, R Meehan and 1 Stancheva; Translational control in the 
regulation of gene expression, C Proud: Cellular choices: to die or not to die, D Harrison: Future 
perspectives, N Hastie | | 
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@General policy The Biochemica! Journal 
publishes papers in English in all fields of 
biochemistry and cellular and molecular 
biology. provided that they make a sufficient 
contribution to biochemical knowledge. Papers 
may include new results obtained experiment- 
ally, descriptions of new experimental methods 
of biochemical importance, or new interpreta- 
tions of existing results. Novel theoretical contri- 
butions will be considered equally with papers 
dealing with experimental work. All work pre- 
sented should have as its aim the development 
of biochemical concepts rather than the mere 
recording of facts. Preliminary, confirmatory or 
inconclusive work will not be published. The 
Biochemical Journal will not publish material 
that has been wholly or largely published else- 
where, even as a preliminary communication or 
in unrefereed symposium proceedings or on 
the World Wide Web (WWW); equally, fragmen- 
tation of research into the 'least publishable 
unit' is discouraged. 

Submission of a paper implies that it has 
been approved by all the named authors, that 
all persons entitled to authorship have been so 
named, that it reports unpublished work that is 
not under consideration elsewhere, and that if 
the paper is accepted for publication the 
authors will transfer to the Biochemical Society 
the copyright in the paper, which will then not 
be published elsewhere in the same form, in any 
language, without the consent of the Society. 
Authors will be required to sign an undertaking 
to these effects. 

Authors may suggest potential reviewers for 
their papers, but the journal is under no obliga- 
tion to follow such suggestions. Authors may 
also specify the names of those they wish to be 
excluded from the review process, and such 
wishes are usually respected unless, in the 
opinion of the journal, such a request un- 
reasonably excludes ail the expertise available 
to it in that scientific area. 

To allow the reviewers to assess possible 
overlap with previous work, all submitted 
papers must be accompanied by duplicate 
copies of the author's relevant published work, 
including that on the WWW, and of all related 
papers in press or under editorial considera- 
tion in this or other journals. 

The paragraphs below are a summarized 
version of the journal's complete Instructions to 
Authors (see http://www.BiochemJ.org}, copies 
of which are available free of charge from the 
editorial office. 

The following types of paper are included in 
the journal. 

Research Papers are the normal form of 
publication, and may be of any length that is 
justified by their content. However, because of 
pressure for space in the journal, no paper, 
whatever its scientific merits, will be accepted if 
it exceeds the minimum length required for 
precision in describing the experiments and 
Clarity in interpreting them. As a guide, most 


Other information 


The Biochemical Journal! is published and 
distributed by Portland Press Ltd on behalf of 
the Biochemical Society. it is published twice 
monthly; in 2000 volumes 345-352 (three parts 
each) will appear. The subscription also in- 
cludes an author and key-word index. 


© Subscription rates Institutional subscription 
rates for 2000 are shown below. Subscribers to 
the Biochemical Journal can subscribe add- 
itionally to Biochemical Society Transactions 
and Biotechnology and Applied Biochemistry on 
a joint subscription at a reduced rate. Terms are 
cash with order (US$ in N. America, £ sterling for 
rest of the worid, or USS equivalent at current 
rate of exchange; subscribers in the EU may 
pay in £ sterling or Euros), or against pro torma 
invoice. Orders should be sent to the address 
below, or through your usual agent. 


Research Papers published in the Biochemical 
Journal are of between six and eight printed 
pages. À concise well-written paper tends to be 
published more rapidly. 

Research Communications are short (maxi- 
mum four printed pages) papers bringing par- 
ticularly novel and significant findings to the 
attention of the research community. it is in- 
tended that a decision on acceptance or re- 
jection will be made within 10 working days of 
receipt, and publication of accepted Communi- 
cations will follow within 2 months. Research 
Communications receive full but accelerated 
reviewing. The criteria of ‘novelty and signifi- 
cance’ are strictly enforced, and papers may 
be rejected solely on the grounds of lack of 
novelty and significance. Communications are 
not a path to accelerated publication of sound 
but non-urgent material. Authors must include 
in their letter of submission a brief statement of 
why they believe their Communication merits 
accelerated treatment. Papers reporting nucieo- 
tide sequences only are not acceptable as 
Research Communications. One colour figure will 
be published free of charge in Research Communi- 
cations; subsequent figures will cost £300 each. 

Reviews will usually be solicited, although 
unsolicited reviews will be considered for pub- 
lication. Prospective writers of reviews should 
first consult the Reviews Editor, via the editorial 
office, and should enclose a short (one typed page) 
summary of the area they propose to cover. 


@Procedure for submission Before pre- 
paring papers for the journal, authors shouid 
consult a current issue to make themselves 
familiar with the general format, such as the use 
of cross-headings, layout of tables and figures 
and citation of references. A full page of text 
in the Biochemical Journal contains approxi- 
mately 1200 words; when calculating the printed 
iength of papers, allowance must be made for 
the space occupied by tables and figures and 
the number of text words reduced accordingly. 

The numerical system of references must be 
used. A reference to ‘unpublished work’ 
must be accompanied by the names of all 
persons concerned; a reference to a ‘personal 
communication’ must be supported by written 
permission for the quotation from the person or 
persons concerned; both of these types of 
citation are permitted in the text only, not in the 
list of references. 

Three copies of the typescript (four copies 
for Research Communications), with a brief 
covering letter to which should be attached an 
additional copy of the synopsis, should be sent 
to: The Managing Editor, Biochemical Journal, 
59 Portiand Place, London W1N 3AJ, U.K. 
(telephone 020 7637 5873; fax 020 7323 1136; 
from overseas the international code for the 
U.K. is 44 and the leading 0 should be omitted: 
e-mail editorialia)portlandpress.com). 

The typescript should indicate the name, 
address, telephone number, fax number and 
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elsewhere. Airspeeded delivery is available to 
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€ Biochemical Journal Online Access to the 
Biochemical Journal Online is restricted to insti- 
tutions that have a subscription to the print 
version. It will be free to such institutions during 
2000. URL: http///www.BiochemJ.org 


e-mail address of the person to whom all corre- 
spondence should be addressed. The top 
copy of the typescript should be marked as 
such and should have attached to it the 
original figures: for the other copies of the type- 
Script, glossy prints (not photocopies) of the 
half-tone figures should be provided, but photo- 
copies of line drawings will suffice. A short 
(page-heading) title of not more than 75 charac- 
ters and a maximum of five key words that do 
not appear in the title, shouid be provided. 


e Submission by fax Research Communi- 
cations that do not contain half-tone or colour 
figures may be submitted by fax to the number 
above. Only one copy of the typescript need be 
transmitted. The current Instructions to Authors 
contains full details of this procedure. 


© Electronic submission Manuscripts may be 
submitted as a single Adobe Acrobat PDF file 
either: (i) as a uuencoded attachment to the e-mail 
address: editorialaportlandpress.com; or (ii) 
uploaded to the ftp site: ftp.portlandpress.com 
in the directory /incoming/BiochemJ [N.B. 
Authors using route (Ii) are advised to alert us 
to any incoming documents via our regular 
e-mail address.] 


Ф Colour figures The first colour figure is 
published at no charge provided that one 
author has been a member of the Biochemical 
Society for at least 2 years and that the use of 
colour is deemed scientifically necessary by the 
reviewers. Subsequent colour figures in the 
same paper cost £300 each. 


€ Multimedia adjuncts The Biochemical 
Journal Online is now able to offer authors 
the opportunity to enhance their papers with 
multimedia adjuncts (e.g. time-lapse movies, 
three-dimensional structures). These will be 
submitted to peer review alongside the manu- 
script. To submit a paper with a multimedia 
adjunct, please contact the Managing Editor 

d There is no 
extra charge associated with the publication of 
a multimedia adjunct online. 


€ Use of authors’ diskettes Authors should 
submit diskettes of revised articles to the edit- 
orial office. Every effort will be made to use the 
diskette during typesetting, but this cannot be 
guaranteed. Authors must ensure that files 
have been updated to incorporate all revisions, 
and hence that the version on the diskette 
matches the revised hard copy. Our preferred 
word-processing format is Word for Windows 
version 6. Submission of manuscripts in other 
word-processing formats may lead to delays in 
processing. The diskette should be accom- 
panied by a covering letter specifying manu- 
script number, operating system and software 
program. Files should be formatted double- 
spaced with no hyphenation and automatic 
wordwrap (no hard returns within paragraphs). 


© Microfiche and back issues Volumes 
102-296 of the Biochemical Journal are avail- 
able on microfiche. Back issues are also 
available. Further details may be obtained from 
the address below. 


ө Subscription department 
Portland Press Ltd 
P.O. Box 32, Commerce Way 
Colchester CO2 ВНР, Essex, UK. 
(telephone 01206 796351: fax 01206- 
799331; e-mail sales/aportlandpress.com), 


€ Advertising Advertising is accepted in the 
Biochemical Journal. For information contact 
the Advertising Department, Portland Press 
Ltd, 59 Portland Place, London W1N 3AJ (tele- 
phone 020 7580 5530; fax 020 7323 1136. 
e-mail editoriali portlandpress.com). 
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REVIEW ARTICLE 


DNA replication and damage checkpoints and meiotic cell cycle controls in 


the fission and budding yeasts 


"Hiroshi MURAKAMI’ and Paul NURSE 


Imperial Cancer Research Fund, Call Cycle Laboratory, 44 Lincoln's Inn Fields, London WC2A 3PX, U.K. 


The cell cycle checkpoint mechanisms ensure the order of cell 
cycle events to preserve genomic integrity. Among these, the 
DNA-replication and DNA-damage checkpoints prevent 
chromosome segregation when DNA replication is inhibited or 
DNA 1s damaged. Recent studies have identified an outline of the 
regulatory networks for both of these controls, which apparently 
operate in all eukaryotes. In addition, it appears that- these 
checkpoints have two arrest points, one is just before entry into 
mitosis and the other is prior to chromosome separation. The 
former point requires the central cell-cycle regulator Cdc2 kinase, 
whereas the latter involves several key regulators and substrates 
of the ubiquitin ligase called the anaphase promoting complex. 
Linkages between these cell-cycle regulators and several key 


checkpoint proteins are beginning to emerge. Recent findings on 
post-translational modifications and protein—protein interactions 
of the checkpoint proteins provide new insights into the check- 
point responses, although the functional significance of these 
biochemical properties often remains unclear. We have reviewed 
the molecular mechanisms acting at the DNA-replication and 
DNA-damage checkpoints in the fission yeast Schizo- 
saccharomyces pombe, and the modifications of these controls 
during the meiotic cell cycle. We have made comparisons with 
the controls in fission yeast and other organisms, mainly the 
distantly related budding yeast. 


Key words: cell cycle, checkpoint, meiosis, cdc2/CDK, yeasts. 





INTRODUCTION 


In eukaryotes the cell cycle is divided into two phases, interphase 
and mitosis [1]. Interphase consists of Gl, S and G2 phases. 
Mitosis can be sub-divided into prophase, metaphase, anaphase 
and telophase. Chromosomes condense during prophase, align 
during metaphase, separate during anaphase and decon- 
dense during telophase. There are several control points during 
the cell cycle: in late G1, called Start in yeast or the Restriction 
point in mammals, in late G2 and just prior to anaphase. To pass 
each point, cells have to fulfil several prerequisites. Before passing 
Start, cells can undergo two developmental programmes, i.e. 
entry into the mitotic cell cycle or sexual development. Adequate 
nutritional conditions and a critical cell size are required to 
traverse Start. During G2, cells have to check whether DNA 
replication is completed and ensure that DNA is not damaged. 
Before chromosome separation cells also examine whether 
chromosomes are aligned and spindles are formed properly. 
These cell-cycle checkpoints are the mechanisms that govern the 
order of the cell-cycle events, because if the order of the events 1s 
incorrect then a full complement of genetic information is not 
transmitted at cell division, which may lead to cancer in higher 
eukaryotes. 

Much is now known about regulation of the eukaryotic cell 
cycle but two areas have yet to be fully understood. The first area 
is concerned with the molecular mechanisms acting during the 
DNA-replication and DNA-damage checkpoints, which block 
mitosis if DNA replication is incomplete or DNA is damaged. 
The second concerns the controls which operate during the 
meiotic cell cycle. In recent years, some progress has been made 
in both of these areas and the purpose of the present review is to 


summarize our current knowledge. The major focus will be on 
the yeasts, in which most work has been done, with emphasis 
on the fission yeast Schizosaccharomyces pombe and comparison 
with the budding yeast Saccharomyces cerevisiae. Work with 
other organisms such as Xenopus will also be discussed where 
particularly relevant, but for more detailed reviews of work on 
other organisms see [2—8]. 


REGULATION OF MITOTIC CELL CYCLE. BY CYCLIN-DEPENDENT 
KINASE (CDK) IN FISSION YEAST 


There are a number of proteins which are required for cell-cycle 
progression. Among these, Cdc2 protein kinase (CDK 1) plays a 
central role in the control of the mitotic cell cycle in fission yeast 
[9]. Loss of Cdc2 kinase activity arrests cells both before Start in 
G1 and in late G2 before M phase [10], and dominant forms of 
Cdc2 advance entry into mitosis [11]. Furthermore, Cdc2 is 
essential for viability and no suppressor mutations 1n other genes 
have been identified that completely rescue the disruptant of 
Cdc2. Based on these facts, initiation of DNA synthesis and 
nuclear divisions are attributed to the activity of a single CDK 
catalytic sub-unit encoded by cdc2* [12]. The equivalent gene in 
budding yeast is CDC28 [13,14]. 

After passing Start, Cdc2 becomes complexed with B-type 
cyclins Cdc13 and Cig2 and the Cdc2 complex is phosphorylated 
on tyrosine-15 by both the Weel and Mikl tyrosine kinases 
[15—17]. This tyrosine phosphorylation is maintained until the 
onset of mitosis [16,17]. Dephosphorylation of this residue is 
carried out by the Cdc25 tyrosine phosphatase and to a lesser 


Abbreviations used АРС, anaphase-promoting complex, Cin, G1 cyclin, FHA, forkhead associated; PCNA, proliferating-cell nuclear antigen; SPB, 
spindle-pole body, CDK, cyclin-dependent kinase, RFC, replication factor C, МСМ, minichromosome maintenance; ORC, ongin-recognition complex 
1 To whom correspondence should be addressed (e-mail murakami@icrf ienet uk). 
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extent by the Pyp3 phosphatase [18.19]. Full activation of Cdc2 
by tyrosine dephosphorylation brings about entry into mitosis. 
The kinase activity of tyrosine-15 phosphorylated Cdc2 is about 
30", compared with that of the dephosphorylated form in 
starfish [20]. which is consistent with its observed activities 
in fission yeast interphase cells [21]. This activity is sufficient to 
bring about DNA replication but not mitosis [22.23]. An 
analogous inhibitory pathway of tyrosine-19 phosphorylation of 
Cdc28 (equivalent to tyrosine-15 of Cdc2 in fission yeast) has 
been described in budding yeast. This residue is phosphorylated 
by Swel (a homologue of fission yeast Weel) and dephos- 
phorylated by Mihl (a homologue of fission yeast Cdc25) 
[24,25]. When a bud is not formed properly or the actin 
cytoskeleton is defective, a morphogenesis checkpoint, which 
requires Swel-mediated phosphorylation of Cdc28, operates to 
delay nuclear division [26—28]. However. there is no evidence that 
tyrosine phosphorylation determines the cell-cycle timing of 
mitosis as in fission yeast. 


DNA-REPLICATION AND DNA-DAMAGE CHECKPOINTS 


DNA replication is accurately and temporally regulated during 
the cell cycle in all eukaryotes. In budding yeast, each 
chromosome contains multiple discrete replication origins called 
autonomously replicating sequences, where prereplicative com- 
plexes are assembled during M and G1 phase [29-31]. The pre- 
replicative complexes includes the origin-recognition complex 
(ORC), the minichromosome-maintenance (MCM) complex and 
Cdc6 [29,30]. The six proteins that form the ORC bind to the 
autonomously replicating sequences and this binding persists 
throughout the cell cycle [32]. In late M phase, Cdc6 is recruited 
by the ORC, which in turn promotes loading of MCM proteins 
on to chromatin [33-38]. Activation of two protein kinase 
complexes, Cdc28- B cyclins and Cdc7- ОЪ, is likely to serve as 
the final signal activating replication fork movement [39-42]. 
Then the DNA-replication machinery, including DNA poly- 
merases and proliferating-cell nuclear antigen (PCNA ), initiates 
DNA synthesis. Similar mechanisms are likely to operate in 
other organisms, including fission yeast, since homologues of 
prereplicative-complex proteins and its regulators have been 
identified in many organisms [29]. 

In addition to the roles in DNA replication, many components 
of the DNA-replication machinery are required for restraining 
mitosis during S phase in fission yeast. These proteins are mainly 
involved in the initiation of DNA synthesis, including Pola [43]. 
Cdcl8 (a counterpart of budding yeast Сасб) [44]. Cdtl [45], 
Cut5/Rad4 [46]. Orp proteins (a counterpart of ORC proteins) 
[47-50]. MCM proteins [51]. Hskl-Dfpl/Himl complex (a 
counterpart of Cdc7-Dfb4) [52-54]. and replication factor C 
(RFC), which is required for loading of PCNA on to DNA 
[55.56]. The Cdtl protein is required for recruiting the MCM 
proteins on to DNA [57], whereas the biochemical function of 
Cut5 is not known. The checkpoint function of the temperature- 
sensitive strains generally remains intact, whereas the complete 
deletion of these genes eliminates their checkpoint function, 
suggesting that the formation of a complex of these proteins is 
important for the checkpoint. However. DNA-replication pro- 
teins involved in progression of DNA synthesis are not required 
for this checkpoint. These include Pole [58], Poló complexes 
[59.60]. fission yeast PCNA homologue [61]. and PCNA inter- 
acting protein Cdc24 [62.63]. 

Apart from the essential DNA-replication proteins, several 
non-essential proteins have been identified which are specifically 
involved in the DNA-replication and DNA-damage check points. 
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Figure 1 Complex formation of the yeast checkpoint proteins 


Fission yeast Radi, Husi and probably Rad9 form a complex regardless of the checkpoint 
signal. Rad3 kinase associates with and phosphorylates Rad26. These proteins are required tor 
transmitting the checkpoint signal to the Cds1 and Chk1 kinases. Budding yeast Rad17, Mec3 
and 00с1 form a complex and Meci transmits the checkpoint signal to Rad53 and Chk1 


Five proteins, Radl, Rad3, Rad9, Rad17 and Husl, are required 
for both the DNA-replication and DNA-damage checkpoints in 
fission yeast [64-68]. From their structural or functional simi- 
larities, these proteins correspond to budding yeast Radl7, 
Mecl, Ddcl. Rad24 and Mec3 respectively [69]. Since the 
phenotypes of mutants in these genes, including sensitivity to 
DNA damaging agents, and the kinetics of their checkpoint 
defects are almost identical, these fission yeast proteins are called 
checkpoint Rad proteins. The fission yeast Rad26 is also a 
member of the family of checkpoint Rad proteins but the 
counterpart of this protein has not been found in budding yeast 
[65]. Fission yeast Radl is structurally similar to exonucleases. 
and the putative human homologue has nuclease activity [70.71] 
and also has a structural motif closely related to the DNA 
sliding-clamp protein PCNA, suggesting that it could provide 
processivity for DNA-repair and replication enzymes [72]. Fission 
yeast Rad17 has a limited homology to RFC [73]. The similarities 
of the checkpoint proteins to the DNA-replication proteins 
could indicate that they are components of complexes which 
interact with DNA to act as sensors for detecting DNA damage 
or blocks in DNA replication. 

Fission yeast Husl and Radl proteins associate physically in 
a manner dependent on Rad9, and Husl is phosphorylated in à 
checkpoint Rad-protein-dependent manner (Figure 1) [74]. Com- 
plex formation and phosphorylation are conserved, since budding 
yeast Ҝай17, Mec3 and Ddcl form a complex and Ddc] 
phosphorylation is dependent on Mecl (Figure 1) [75.76]. The 
human homologue of Radl also interacts physically with Rad17 
[77]. However. the functional significance of these complex 
formations has not been found. Recently, a link between the 
checkpoint Rad and the DNA-replication proteins has been 
identified in both yeasts through the RFC protein, which 
physically associates with fission yeast Rad17 [56] and with 
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Figure 2 Schematic representation of the yeast checkpoint kinases 


In fission yeast, Chk1 has a kinase domain in the N-terminal region, whereas in С051 the 
domain is in the C-terminal region, Cdst has a FHA domain in the N-terminal region. Budding 
yeast Chk1 also has a kinase domain in the N-terminal region, Budding yeast Rad53 has two 
FHA domains, and Rad9 interacts with the FHA domain in the C-terminal region. Further 
interacting proteins have yet to be identified. 


budding yeast Rad24 [78]. The fission yeast Rad3 kinase 
associates with Rad26, and Rad3 phosphorylates Rad26 in- 
dependently of the other checkpoint Rad proteins, suggesting 
that Rad26 phosphorylation might be an initial response to 
DNA damage, although the functional significance of the Rad26 
phosphorylation is not yet known (Figure 1) [79]. Rad3 is a 
member of the evolutionarily conserved subfamily of phos- 
phatidylinositol 3-kinases, which includes fission yeast Tell, 
budding yeast Mecl. Tell, mammalian ATR and ATM and 
DNA-dependent protein kinase [80.81]. 

Two protein kinases, Chk! and Cdsl, provide a link between 
the checkpoint Rad proteins and the machinery which controls 
mitosis [82,83]. The Cdsl kinase is required specifically for 
proper recovery from a DNA-replication block, since cds/A cells 
stop cell-cycle progression when DNA replication is completely 
inhibited. but subsequently enter a premature mitosis when 
released from the replication block [83,84]. Cdsl also acts 
redundantly with Chkl in the DNA-replication checkpoint 
[85-87], and Chk1 kinase itself is primarily involved in the DNA- 
damage checkpoint [82]. The protein kinase activity of Cds] and 
the phosphorylation of Chk! are dependent on the checkpoint 
Rad proteins [82,86]. Cdsl kinase is structurally similar to 
budding yeast Rad53 [83] and has a FHA (forkhead-associated) 
domain in the N-terminal region [88] (Figure 2). Budding yeast 
Rad53 kinase, which is required for both the DNA-replication 
and DNA-damage checkpoints, has two FHA domains and 
budding yeast Rad9 binds to the C-terminal FHA domain of 
Rad53, suggesting that this association is required for trans- 
duction of the DNA-damage checkpoint signal (Figure 2) [89]. 
The FHA domain of Rad53 in the N-terminal region is mainly 
involved in the DNA-replication checkpoint [90]. Budding yeast 


Rad9 has a region called the BRCT domain (the C-terminus of 
the breast cancer susceptibility gene 1 product), which is found 
in fission yeast Crb2/Rhp9, the tumour suppressor gene BRCA/ 
and the p53 interacting protein 53ВРІ [91-93]. Furthermore, 
Crb2 interacts with Chk! as demonstrated by both genetic and 
two-hybrid analysis, although Chk! lacks an obvious FHA 
domain [92]. Based on these facts, it is possible that an unknown 
protein binds to the N-terminal FHA domain of Rad53 or Cds! 
and mediates the DNA-replication checkpoint signal. Crb2 is 
phosphorylated by the Cdc2 kinase not only in response to DNA 
damage but also during the normal cell cycle [94]. Cells having a 
non-phosphorylatable form of Crb2 fail to re-enter the cell cycle 
after DNA damage, suggesting the existence of a feedback 
regulation between the checkpoint protein and the cell-cycle 
machinery [94]. 

Cds! and Chk] play central roles in transducing the checkpoint 
signal from the checkpoint Rad proteins to the cell-cycle ma- 
chinery (Figure 3A). The Cdsl kinase is activated by the 
inhibition of DNA replication [86] and then stops cell-cycle 
progression by acting through Wee! [85] and Cdc25 [87]. The 
Chkl kinase appears to phosphorylate Cdc25 [95] and Weel 
[96,97]. Thus both Cdsl and Chk! phosphorylate Cdc25 and 
inhibit its activity [98]. Furthermore, the Chk! phosphorylation 
of Cdc25 results in the physical association of Cdc25 with fission 
yeast Rad24 [99,100]. Fission yeast Rad24 is a member of the 14- 
3-3 family of proteins [101] which bind to phosphoproteins. 
Cdc25 complexed with fission yeast Rad24 is excluded from the 
nucleus in response to incomplete DNA replication and damaged 
DNA, suggesting that spatial organization is part of the DNA- 
replication and DNA-damage checkpoints [99,100]. 

Both the DNA-replication and DNA-damage checkpoint 
controls block entry into mitosis via the Cdc2 kinase [102-104], 
and both controls can be abolished by: (1) overexpressing cdc25* 
to reduce the level of phosphorylation of Cdc2 on tyrosine-15 
[102,105], (2) inactivating the Weel and Mik! kinases [17,103] or 
(3) the use of a Cdc2-Y ISF mutant [103,104,106]. These studies 
strongly suggest that the DNA-replication and the DNA-damage 
checkpoints act through tyrosine-15 phosphorylation of Cdc2, 
although this conclusion has been controversial [104,107]. In 
contrast, tyrosine-19 phosphorylation of budding yeast Cdc28 is 
not important in the DNA-replication and DNA-damage check- 
point controls, because Cdc28-Y |9F mutants arrest cell-cycle 
progression before nuclear division following DNA damage or 
inhibition of DNA replication [108-110]. In response to a DNA- 
replication block or DNA damage. budding yeast cells arrest 
with high Cdc28 protein kinase activity, short microtubule 
spindles and separated spindle-pole bodies (SPBs) [108—110]. If 
Cdc28 activity is not maintained at a high level. cells proceed 
through mitosis even though DNA damage is present [111]. 
These results suggest that the DNA-replication and DNA- 
damage checkpoints in budding yeast arrest cells in a metaphase- 
like state rather than in interphase, as is the case for most other 
organisms, including fission yeast. 

In budding yeast, the DNA-damage checkpoint communicates 
to the mitotic apparatus through Pdsl and Cdc5 (Figure ЗВ). 
Pdsl is an anaphase inhibitor which is required for the DNA- 
damage and spindle checkpoints [112]. Pdsl is phosphorylated in 
response to DNA damage, a phosphorylation which is dependent 
on budding yeast Chkl and Mecl but not Rad53 [75,113]. 
Furthermore, budding yeast Chk] phosphorylation depends on 
Mecl. and the Chkl protein binds and phosphorylates Pdsl 
[114]. These studies suggest that Pdsl acts downstream of Chk!l 
and that СҺКІ acts downstream of Mecl. Budding yeast Cdc5, 
a member of the polo-like family of kinases, is mainly involved 
in the exit from mitosis [115,116]. Overproduction of Cdc$ drives 
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Figure 3 Model showing how the DNA-replication and DNA-damage checkpoint signals are transmitted to the cell-cycle machinery in yeast mitotic cell cycle 


(A) The DNA-replication and DNA-damage checkpoints in fission yeast. (B) The DNA-damage checkpoints in budding yeast. See text for detailed explanations. 


cells through anaphase so that they complete mitosis in the 
presence of damaged DNA, and inactivation of Cdc5 delays 
anaphase entry in rad53 mutant cells after DNA damage [114]. It 
is interesting to note that the budding yeast Cdc5 kinase appears 
to have no obvious role for entry into anaphase during the 
normal cell cycle and that Cdc5 is phosphorylated in a Rad53- 
dependent manner after DNA damage, suggesting that Cdc5 acts 
downstream of the Rad53 kinase [117]. 


INTRODUCTION TO MEIOSIS 


In eukaryotes, meiosis not only plays a central role in the life 
cycle of sexual reproduction, but it is also essential for generating 
genetic diversity within species [118-122]. During meiosis, hap- 
loid gametes are produced from a parental diploid cell or zygote. 
Two successive nuclear divisions occur without S phase which 
halves the number of chromosomes. Fusion of two gametes 
restores the diploid chromosome complement. There are a 
number of important differences between meiosis and mitosis. 
The S phase in meiosis, called premeiotic DNA replication, 
usually takes two to five times longer than S phase in mitotic 
cycles [123,124]. In addition, premeiotic DNA synthesis depends 
on several proteins that are dispensable for mitotic DNA 
synthesis in both the fission yeast [6,120] and budding yeast [118]. 
During meiotic prophase, homologous recombination occurs 
about a hundred to a thousand times more frequently than 
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during mitosis [119]. The first division of meiosis is quite dif- 
ferent from a mitotic cell division. Sister chromatids remain 
associated with each other and the two copies of the same 
chromosome (called homologues) segregate to opposite sides of 
the cell. The second meiotic division immediately follows the 
first meiotic division without an intervening S phase. In 
the second meiotic division, sister chromatid disjunction takes 
place, as in mitosis. 


CONTROL OF ENTRY INTO MEIOSIS 


In fission yeast, entry into meiosis requires a pheromone signal 
and nutritional starvation, primarily for nitrogen [120] (Figure 
4A). Both pheromone and nitrogen starvation induce G1 arrest 
by inhibiting the activity of Cdc2. Pheromone inhibits the Cig2- 
and Cdcl3-dependent Cdc2 kinase activities and induces the 
CDK inhibitor Ruml, which also promotes APC (anaphase- 
promoting complex)-dependent degradation of Cdc13 [125,126]. 
Nitrogen starvation enhances the degradation of both Cdc13 and 
Cig2, and the Cdcl3 degradation is dependent on Srw1/Ste9 
[127,128]. Srw1 is a regulator of the APC and is homologous to 
budding yeast Hct1/Cdhl [129]. 

In both mitotic and meiotic cycles, periodic expression of 
DNA-replication genes is required for S phase. However, 
different components of the S phase transcriptional machinery 
are required to bring this about in the two cell cycles [6.130135]. 
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Figure 4 Model of cell-cycle regulation in yeast meiosis 
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(A) Entry into meiosis and premeiotic DNA replication in fission yeast. (B) Entry into meiosis and premeiotic DNA replication in budding yeast. See text for detailed explanations 


Activation of both the CdclO0-Resl and Cdcl0O0-Res2-Rep2 
complexes is required for gene expression in the mitotic S phase, 
whereas the Cdcl0-Res2 complex. possibly with Repl, appears 
to play a similar role during meiosis (Figure 4A). 

Repl is required specifically for premeiotic DNA replication, 
since rep1^ cells arrest before premeiotic DNA replication but 
show no significant phenotype during mitotic cycles [136-138]. 
Repl is a zinc-finger protein with limited homology to Rep2 
[134,136], and acts as an activator of the Res2-CdclO or 
Resl-Cdcl0 complexes, since overexpression of rep/* rescues 
growth defects of res/A, res2A, rep2A and weakly rescues cdc 10" 
cells [136]. In addition, res2* mRNA induction is dependent on 
Rep! function [136]. However, the meiotic defect of rep/A cells 
is not rescued by overexpression of either res/^ or res2", 
Suggesting that the Resl/Res2-CdclO0 complex is not the sole 
target of Repl [133]. Further support for this notion comes from 
the observation that the induction of recombination genes 
requires the Repl protein [137.138]. 

Interestingly, the inability of rep/A cells to carry out premeiotic 
DNA replication is partially suppressed if rapidly growing cells 
are induced to undergo meiosis [136]. After starvation, rep/A 
cells are completely unable to undergo meiosis. This suggests 
that a substitute for Repl, probably Rep2, complements its 
function and allows premeiotic DNA replication to take place in 
these circumstances. Consistent with these results, doubie 
mutants of rep2Arep/A cells are unable to initiate meiosis [134]. 
In res2A cells, the premeiotic DNA-replication defect is also 
rescued if meiosis is induced without starvation [133]. The fact 
that similar proteins act in mitosis and meiosis suggests that 


initiation of premeiotic DNA replication might be regulated in a 
similar manner to initiation of DNA replication in mitotic cycles 
[6]. 

In budding yeast, Swi6, Swi4 and Mbp! have extensive 
homology to fission yeast Cdc10, Res! and Res2 respectively [6]. 
However, in contrast 10 fission yeast, double homozygous diploid 
mutants of either swiZAswióA or swidAmbp/A proceed through 
meiosis [139], although spore viability is low even in single swi4A 
or swi6A cells [140]. Very low activity of these transcriptional 
factors may be sufficient for progression through meiosis, but not 
for spore viability. 


REGULATION OF CDK IN MEIOSIS 


In fission yeast, Cdc2 kinase plays a central role in the control of 
the mitotic cycle. Similarly to the situation in the mitotic cycle 
[10,141], Cdc2 is also required for premeiotic DNA synthesis 
[142], the second meiotic division [143-147] and possibly the first 
meiotic division [142] (Figure 4A). Cdc2 kinase activity increases 
around the beginning of premeiotic DNA replication and 
peaks around meiotic nuclear division [148,149]. Tyrosine-15 
phosphorylation of Cdc2 appears around premeiotic DNA 
replication, with a concomitant increase in Weel protein levels 
[149], and decreases during meiotic nuclear divisions [148,149]. 
Cdc13 and Cdc25 are essential for both the first [142] and second 
meiotic divisions [144,145]. In fission yeast, the RNA binding 
protein Mei2 has a central role in the onset and progression 
through meiosis [120,150-152], but the relationship between 
Cdc2 and Mei2 is not known (Figure 4A ). 
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Figure 5 Model of checkpoint regulation in yeast meiosis 
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(A) The meiotic DNA-replication checkpoint in fission yeast. X represents an as-yet unidentified interacting protein, Reproduced from [148] with permission ©1999 Cold Spring Harbor Laboratory 
Press. (B) The recombination or pachytene checkpoint in budding yeast. See text for detailed explanations 


In contrast to the situation in fission yeast, using a temperature- 
sensitive budding yeast cdc28 mutant, Cdc28 appears dispensable 
for premeiotic S phase but is required for meiotic nuclear divisions 
[153]. This seems inconsistent with the observation that over- 
production of the CDK inhibitor Sicl prevents premeiotic DNA 
replication [154]. It is possible that Cdc28 in this experiment is 
not sufficiently compromised to block premeiotic DNA rep- 
lication because of the temperature-sensitive mutant, or that Sic] 
may inhibit not only the Cdc28 protein kinase but also other 
proteins required for DNA replication. In budding yeast, G1 
cyclin (Cln)-deficient cells enter meiosis regardless of nutrient 
conditions [155] and produce viable spores, suggesting that Clns 
are not required for meiosis [139]. Furthermore, Clns negatively 
regulate entry into meiosis by down-regulating both Imel 
transcription and protein levels (Figure 4B) [155]. Imel is 
a transcriptional activator of early genes that are essential for 
premeiotic DNA replication, homologous chromosome pairing 
and recombination [156]. As cells enter meiosis the level of the 
Cins decreases [155]. This negative regulation of entry into meiosis 
by Clns may be related to the fact that meiosis proceeds without 
bud formation, since Clnl and Cln2 are involved in bud 
formation during mitotic cycles. The lack of Clnl and Cln2 in- 
volvement also suggests that cell size may not regulate Start 
in meiosis. In meiosis, the target of Sicl seems to be the B-type 
cyclins Clb5 and Clb6, because c/bSAcIb6A double mutants are 
unable to initiate premeiotic DNA replication [139,154] (Figure 
4B). Surprisingly, the mutant cells proceed through meiosis with 
unreplicated chromosomes [154]. These facts suggest that Clb5 
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and Clb6 are essential for the activation of the meiotic DNA- 
replication checkpoint. The regulation of Sicl degradation is 
different between mitosis and meiosis (Figure 4B) [139]. In mitotic 
cycles, Sic] is phosphorylated by Cln-dependent CDK activity, 
which results in the degradation of Sicl [157]. In meiosis, 
the double mutant sic/Aime2A undergoes premeiotic DNA 
replication, suggesting that degradation of Sicl requires the 
meiosis-specific protein kinase Ime2 [139]. Ime2, which has 
sequence similarity to Cdc28, is essential for premeiotic DNA 
replication [156.158-160] and may phosphorylate Sicl to target 
it for degradation. Ime2 is required to activate the early and 
middle meiotic genes, and is itself an early meiotic gene activated 
by Imel. Middle gene products are required for the morpho- 
genetic pathway that leads to spore formation [156]. Ndt80 is 
a transcription factor also required for the expression of middle 
and middle/late genes, as well as five of the six CLB genes, except 
CLB?2 (Figure 4B) [161.162]. All the CLB genes, except CLB2, 
are induced by ectopic expression of Ndt80 during the mitotic 
cell cycle. The fact that both CLB and middle gene expression are 
dependent on Ndt80 ensures that meiotic progression and 
ascospore formation are properly co-ordinated. 


MEIOTIC DNA-REPLICATION CHECKPOINT 


A DNA-replication checkpoint control also operates during 
meiosis in fission yeast (Figure 5A) [148]. When meiotic DNA 
replication is inhibited with hydroxyurea, cells arrest with no 
spindle, unseparated SPBs and decondensed chromosomes [148]. 


This arrest requires the mitotic-checkpoint Rad proteins and the 
Cds] protein kinase [148]. As discussed earlier, during mitotic 
cycles the role of Cdsl1 is restricted to recovery from а DNA- 
replication block [83]. In meiosis, Cds] appears to play a more 
prominent role equivalent to that played by the checkpoint Rad 
proteins, since cells defective in any of these proteins proceed 
through meiotic nuclear divisions [148]. When DNA replication 
is blocked, the checkpoint maintains Cdc2 tyrosine-15 phos- 
phorylation [148] just as 1n mitotic cycles [16,104,107]. 

Meiotic cells blocked by hydroxyurea, which harbour 
dephosphorylated tyrosine-15 of Cdc2, arrest with high Cdc2 
protein kinase activity, separated SPBs and spindle formation 
[148]. This metaphase-like arrest is at a later stage of nuclear 
division than that seen in cells in which Cdc2 tyrosine-15 is 
phosphorylated, and is similar to that observed in mitotic budding 
yeast cells when DNA replication is inhibited [110]. The fact that 
certain processes occur only during meiosis, such as increased 
recombination rates or homologue chromosome pairing, may 
mean that a second checkpoint, which blocks cells in metaphase, 
is required during meiosis. Like the DNA-damage checkpoint in 
S. cerevisiae, counterparts of the budding yeast Cdc5 or Pdsl 
proteins might be downstream targets of meiotic DNA-rep- 
lication checkpoint signals. Even in the fission yeast mitotic cycle 
there may be another DNA-replication checkpoint mechanism 
independent of Cdc2 regulation on tyrosine-15. Supporting this 
notion is the observation that the DNA-replication checkpoint 
remains intact in the absence of both Cdc25 and Weel [67]. 
However, it is possible that Mik1 or Pyp3 carry out this function 
in the absence of Weel or Cdc25. 

In Drosophila, 13 rapid syncytial nuclear divisions lacking G1 
and G2 phases occur during early embryogenesis. When DNA is 
damaged during this period, chromosome segregation but not 
entry into mitosis 1s delayed [163]. This is similar to budding 
yeast in which a defined G2 phase is lacking. In post-blastoderm 
division cycles which include a G2 phase, DNA damage delays 
entry into mitosis [164]. This delay requires tyrosine phosphoryl- 
ation of Cdc2 as in fission yeast and other higher eukaryotes. 
From these observations, it is likely that, in all eukaryotes, 
mitosis and meiosis can be arrested either before entry 
into mitosis or before chromosome segregation. 

In Aspergillus nidulans, two DNA-replication checkpoint 
systems have also been reported [165]. In this organism, if DNA 
replication is incomplete, cells harbouring  non-tyrosine 
phosphorylated forms of Cdc2 arrest before mitosis with high 
Cdc2 kinase activity. At this stage, neither chromosome con- 
densation nor spindle formation are observed. This contrasts 
with the situation during meiosis of fission yeast in which 
chromosome condensation and spindle formation occur in 
the presence of hydroxyurea if Cdc2 tyrosine-15 is dephos- 
phorylated. Mutation of an APC component, BIME, in com- 
bination with non-tyrosine-phosphorylated Cdc2 can overcome 
the DNA-replication checkpoint. It is likely that co-ordination 
of both Cdc2 and APC functions is important for the DNA- 
replication checkpoint in this organism, and this may have some 
relevance to the analogous checkpoint during fission yeast 
meiosis. : 

In Xenopus egg extracts, non-tyrosine phosphorylatable forms 
of Cdc2 show a limited capacity to induce mitosis in the presence 
of a DNA synthesis inhibitor [166]. In addition, Xenopus СЬКІ, 
which 1s capable of phosphorylating the mitotic inducer Cdc25, 
is partially involved in the DNA-replication checkpoint pathway 
[167]. Similarly, in human cells, regulation of Cdc2 tyrosine-15 is 
important in the DNA-replication and DNA-damage check- 
points but is not the sole mechanism for restraining mitotic 
progression [168,169]. Spatial compartmentation of cell-cycle 
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regulators is one of the mechanisms that prevent mitosis. In fact, 
it has been shown that exclusion of B-type cyclin from the 
nucleus is required for blocking mitosis after DNA damage 
[170,171]. At least two different mechanisms of the DNA- 
replication and DNA-damage checkpoints may exist in all 
organisms, but they may be regulated in different ways in 
different organisms. 


RECOMBINATION OR PACHYTENE CHECKPOINT 


In many organisms, cells defective in recombination or synapto- 
nemal complex formation arrest at the pachytene stage of meiotic 
prophase [121,172,173] This arrest is called the recombination 
checkpoint or the pachytene checkpoint (Figure 5B) [174,175]. 
Pachytene is the stage of the meiotic cell cycle when premeiotic 
DNA synthesis 1s completed, the SPB is duplicated but not 
separated and the cell is committed to recombination. This arrest 
requires the DNA-damage checkpoint Rad17, Rad24, Ddcl and 
Mecl proteins in budding yeast, ensuring the order of meiotic 
events by preventing chromosome segregation when recom- 
bination is incomplete or the synaptonemal complex is defective 
[121,173,174,176] (Figure 5B). Pch2 and the silencing factor Sir2 
are also required for the pachytene checkpoint but are not 
required for the DNA-damage checkpoint in mitotic cycles [176]. 
The meiosis-specific Red] and Mek] proteins are also required 
for pachytene arrest [173]. Mek] is a protein kinase and associates 
with Redl, which is an essential component of the meiotic 
chromosomes [177,178]. However, in fission yeast there are no 
mutants that arrest with recombination intermediates and the 
recombination checkpoint has not been identified [119]. 

Interestingly, budding yeast Rad9, which is essential for the 
DNA-damage checkpoint is not required for the recombination 
checkpoint [174]. However, this protein is required for the arrest 
in meiosis imposed by inactivation of a telomeric DNA binding 
protein [179]. This arrest point in meiosis 1s at a stage that 
follows premeiotic DNA replication but is prior to commitment 
to recombination. These facts indicate that Rad9 has stage- 
specific roles during meiosis, although the exact mechanisms of 
its action or regulation are not known. 

Tyrosine-19 phosphorylation of Cdc28 is also required for 
pachytene arrest in budding yeast, since both swe/A and Cdc28- 
F19 cells proceed through meiosis in the presence of double- 
strand breaks, although the segregation of chromosomes is 
delayed [175] (Figure 5B). Clb! overproduction in sweJA or 
Cdc28-F19 cells eliminates this delay, suggesting that the regul- 
ation of B-type cyclin synthesis is also important in this 
checkpoint [175] (Figure 5B) In contrast, the budding yeast 
Mihl phosphatase is required neither for mitosis, meiotic pro- 
gression nor the pachytene checkpoint [175]. Upon activation of 
the pachytene checkpoint, the Swel kinase accumulates and 1s 
hyperphosphorylated; this phosphorylation is dependent on 
budding yeast Rad24 checkpoint protein. These facts suggest 
that Swel is a target of the pachytene checkpoint control. It is of 
interest that these meiotic controls are similar to those operating 
during the DNA-replication and DNA-damage checkpoints in 
fission yeast. 


COHESIN IN MEIOSIS 


Physical association between sister chromosomes is required for 
their proper segregation during mitosis and meiosis. This at- 
tachment is provided by a molecular ‘glue’ called cohesin. The 
cohesin complex is composed of at least four proteins, Sccl/ 
Mcd1, Scc3, Smci and Smc3, in budding yeast [180—183]. Similar 
proteins and their regulators exist in fission yeast and other 
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eukaryotes, indicating that this mechanism 1s conserved [184,185]. 
Loss of any of these proteins brings about premature chromo- 
some separation even if the APC is inactivated. At the metaphase- 
to-anaphase transition, Sccl is cleaved by Esp1 (Cutl in fission 
yeast), resulting ш sister chromatid separation [186]. Esp] is kept 
inactive by binding to Pds1 (Cut2 in fission yeast) until the onset 
of anaphase [187], when Pds1 (Cut2) is destroyed by the APC 
[184,188,189]. 

In meiosis, after premeiotic DNA replication, homologous 
chromosomes are held together by recombination between homo- 
logues [180,190]. The physical attachment between homologues 
is provided by chiasmata, which are sites of reciprocal re- 
combination between homologous chromosomes. Meiotic 
cohesin, located in the arm regions of sister chromatids, 1s also 
important for this attachment to keep the recombined chromo- 
somes tightly connected. In addition, meiotic cohesin, located in 
the vicinity of the centromeric regions, is required to hold sister 
chromatids together. Two sister kinetochores, held by the 
cohesin, move to the same pole in the first meiotic division. After 
disappearance of the cohesin at the centromeric region, sister 
chromatid disjunction occurs during the second meiotic division. 
This step-wise loss of cohesion is essential for an orderly 
progression through the two meiotic divisions. 

In fission yeast, one of the candidates of the meiotic cohesin is 
the Rec8 protein since rec8 mutants show precocious separation 
of sister chromatids [191]. Fission yeast Rec8 shares homology 
with the budding yeast mitotic cohesin Sccel protein [182,192,193]. 
The Rec8 protein is absent in mitotic cycles, but its level increases 
during premeiotic DNA replication and decreases around the 
second meiotic division [192]. During prophase I Rec8 1s distri- 
buted along the length of the chromosome. Around the first 
meiotic division Rec8 1s lost in the arm regions but is retained at 
the centromeres until metaphase of the second meiotic division 
[192,193]. This localization may explain why recombination is 
reduced only at the centromere regions in rec8 mutants [191,193]. 
Loss of Rec8 function causes premature separation of chromo- 
somes [191], and a detailed analysis of the rec8 mutant revealed 
that the reductional segregation pattern of the first meiotic 
division 1s shifted to an equational segregation pattern [192]. 
This switch to an equational segregation pattern rather than 
random segregation is partially explained if Rec8 has an ad- 
ditional role in directing sister-chromatid kinetochores to the 
same pole [192]. In contrast, budding yeast rec8 mutants undergo 
random segregation in the first meiotic division [194]. 


TELOMERES 


Telomeres are essential for blocking the degradation of linear 
chromosome ends in all eukaryotes. Telomeres have additional 
roles in the pairing of homologous chromosomes during the 
early stages of meiosis. The fission yeast Tazl and Lot2 proteins 
have a critical role for the maintenance of telomere length and 
telomeric silencing, although disruptants of these genes can grow 
normally [195,196]. During meiosis in /az/ апа /ot2 mutants, 
telomeres fail to cluster at the SPB, resulting in a low re- 
combination rate [196,197]. In fission yeast, the nucleus is highly 
mobile moving back and forth during the early stages of meiosis 
[198-200], a movement which is likely to be required for 
homologous chromosome pairing and recombination. At this 
stage, telomeres cluster at the SPB instead of the centromeres 
and reside at the leading edge of the chromosome with the rest 
of the chromosomes trailing behind [198,199]. Therefore the 
Tazl and Lot2 proteins help chromosome pairing through 
telomere clustering at the SPB. 
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SUPPRESSION OF DNA REPLICATION BETWEEN THE FIRST AND 
SECOND MEIOTIC DIVISION 


One of the hallmarks of meiosis is suppression of DNA rep- 
lication between the first and second meiotic division. So far, 
there are no mutants that can initiate DNA replication during 
this period in either fission yeast or budding yeast. In Xenopus 
and starfish oocytes, inhibition of the Cdc2 kinase or of the Mos 
function can induce DNÀ replication during this period [201,202]. 
A partial fall in Cdc2 kinase activity occurs between the two 
meiotic divisions, concomitant with the appearance of threonine- 
161-dephosphorylated forms of Cdc2 [201]; threonine-161 
phosphorylation of Cdc2 is essential for its activity [12]. During 
this period, no tyrosine-15 phosphorylation of Cdc2 was observed 
[201,203]. Inactivation of Mos leads to the partial phosphoryl- 
ation of Cdc2 tyrosine-15 and the dephosphorylation of Cdc2 
threonine-161 [201] These observations imply that the activity of 
Cdc2 between the two meiotic divisions is regulated by the 
phosphorylation status of both tyrosine-15 and threonine-161. 
Supporting this notion, ectopic induction of Weel induces DNA 
replication after the first meiotic division [204]. The regulation 
of Cdc2 complexes appears to be required for the suppression of 
DNA replication between the two meiotic divisions, and it is 
important to know how Cdc2 activity is regulated during this 
period. 


CONCLUDING REMARKS 


Recent studies have revealed that mitosis and meiosis share 
common pathways to undergo DNAreplication and chromosome 
segregation. Distinctive mechanisms also exist in meiosis, prob- 
ably because of high rates of recombination and suppression of 
DNA replication before the second meiotic division. In the near 
future, the whole genome sequence of several organisms, in- 
cluding fission yeast and humans will be known A comparison 
with the budding yeast sequence will be revealing with regard to 
what differs and what is conserved between organisms. In 
particular, the comparison of the two yeasts during the mitotic 
and meiotic cell cycles will continue to help our understanding of 
the cell-cycle regulation in all eukaryotes. 
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Insulin stimulates the transcription of the sterol regulatory- 
element binding protein (SREBP) 1/ ADD1I gene in liver. Hepa- 
tocytes in primary culture were used to delineate the insulin 
signalling pathway for induction of SREBPI gene expression. 
The inhibitors of phosphoinositide 3-kinase (PI 3-kinase), wort- 
mannin and LY 294002, abolished the insulin-dependent increase 
in SREBPi mRNA, whereas the inhibitor of the mitogen- 
activated protein kinase cascade, PD 98059, was without effect. 
To investigate the role of protein kinase B (PKB)/cAkt down- 
stream of PI 3-kinase, hepatocytes were transduced with an 
adenovirus encoding a PK B—oestrogen receptor fusion protein. 
The PKB activity of this recombinant protein was rapidly 
activated in hepatocytes challenged with 4-hydroxytamoxifen 
(OHT), as was endogenous PKB in hepatocytes challenged with 


insulin. The addition of OHT to transduced hepatocytes resulted 
in accumulation of SREBPI mRNA, with a time-course and 
magnitude similar to the effect of insulin in non-transduced cells. 
The level of SREBP1 mRNA was not increased by OHT in 
hepatocytes expressing a mutant form of the recombinant protein 
whose PKB activity was not activated by OHT. Thus acute 
activation of PKB is sufficient to induce ЅКЕВРІ mRNA 
accumulation in primary hepatocytes, and might be the major 
signalling event by which insulin induces SREBP/ gene ex- 
pression in the liver. 


Key words: hepatocytes, PK B/cAkt, sterol regulatory-element 
binding protein (SREBP). 





INTRODUCTION 


The sterol regulatory-element binding proteins (SREBPs) are 
microsomal proteins which serve as precursors to transcriptional 
activators of the basic helix-loop-helix leucine zipper family. In 
mammals, two distinct genes termed SREBPI [or adipocyte 
determination and differentiation factor 1 (4DD1)] and SREBP2 
have been identified [1-3]. The SREBPI gene 15 transcribed from 
optional promoters, giving rise to two mRNAs encoding pre- 
cursors for SREBPla and SREBPIc respectively [1]. The N- 
terminal moiety of each SREBP form, which harbours the 
transactivation and basic helix-loop-helix leucine zipper DNA- 
binding domains, is released from the full-length precursor by a 
two-step proteolytic cleavage, and is imported into the nucleus to 
activate the transcription of specific genes. The cleavage process 
is known to be activated when intracellular level of sterols are 
low, and inhibited when levels are high [4]. 

The three forms of SREBP bind cis-acting elements of the 
SRE or E-box types [5], and are collectively involved in the 
transcriptional regulation of genes, encoding the low-density 
lipoprotein receptor and key enzymes of cholesterol and triacyl- 
glycerol biosynthesis [4]. Enzymes of fatty acid synthesis such 
as acetyl-CoA carboxylase and fatty acid synthase appear to be 
preferentially regulated by the products of the SREBPI gene, in 
particular by SREBPic in liver and adipose tissue [6,7]. This 
factor might also be a critical transcriptional activator of the 
gene for the regulatory enzyme of hepatic glucose metabolism, 
glucokinase [8]. 

Because glucokinase and the enzymes of tnacylglycerol syn- 
thesis are inducible, the question arose whether SREBP/ gene 


expression might itself be hormonally regulated. Indeed, insulin 
was recently shown to stimulate the accumulation of SREBPI 
mRNA in adipocytes and hepatocytes [7,9]. The present study 
addresses the mechanism of insulin signalling for induction of 
SREBPI gene expression in hepatocytes. The effects of inhibitors 
of individual signal transduction pathways are reported. In 
addition, the specific role of protein kinase B (PKB)/cAkt, a 
protein kinase critically involved in the metabolic actions of 
insulin [10,11], is analysed in cultured hepatocytes transduced 
with an adenovirus vector encoding a conditionally active form 
of PKB. 


EXPERIMENTAL 
Hepatocyte cultura and transduction with adenovirus 


Hepatocytes were isolated and cultured as described previously 
[12], except that the dexamethasone concentration in the medium 
was reduced to 1075 M. Transduction with adenoviral vectors 
was performed 4 h after placing cells in culture The hepatocytes, 
in 10-cm dishes, were exposed to recombinant viruses in 3 ml of 
culture medium for 1h. The medium was removed and the 
hepatocytes were cultured in 10 ml of virus-free medium for 15 h. 
The culture medium was replaced once more and the desired 
effectors were supplied to the cells 2h after the last medium 
change Inhibitors were supplied to cells 30 min before insulin, 
and in the case of wortmannin again at 2h and 4h after 
insulin. Cells were harvested at specified times after effector 
addition for isolation of total RNA as described [12]. 





Abbreviations used SREBP, sterol regulatory-element binding protein; ADD1, adipocyte determination and differentiation factor 1; OHT, 4- 
hydroxytamoxifen, PI 3-kinase, phosphoinositide 3-kinase; PKB, protein kinase B or cAkt, MER, mynstoylated AktA4—129—oestrogen receptor or 


myrAktA4—129-ER, A2ER, A2myrAKtA4--129-EH, HA, haemagglutinin 
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Adenovirus vectors 


Recombinant DNA fragments encoding the fusion proteins 
were isolated by BamHI/Sall digestion of pWZLneo retroviral 
vector plasmids, generously provided by Dr Richard A. Roth 
(Department of Molecular Pharmacology, Stanford University 
School of Medicine, Stanford, CA, U.S.A.) [13]. After blunt- 
ending with the Klenow enzyme, the fragments were inserted 
into Swal site of the cosmid pAdexCAG [14]. Adenoviral vectors 
were produced by in vivo homologous recombination in 293 cells. 
Transfection of these cells was performed as described by Miyake 
et al. [15]. Cloning. propagation and titration of the desired 
recombinant viruses were according to published procedures 
[14,15]. 


Northern-blot assay of mRNAs 


Blotting and hybridization with ??*P-labelled cDNA probes was 
performed by described methods [16]. The amounts of probe 
hybridized to specific RNA bands were quantified by phos- 
phorimaging of the membranes. The rat SREBPI/ADDI cDNA 
was kindly made available by Dr Bruce M. Spiegelman (Dana- 
Farber Cancer Institute, Harvard Medical School, Boston, MA, 
U.S.A.) [2]. and the rat glyceraldehyde 3-phosphate cDNA by Dr 
Philippe Fort (CRBM-CNRS, Montpellier, France) [17]. 


Immunoblotting and immunoprecipitation assays of PKB 


For detection of MER and A2ER proteins expressed in virally 
transduced hepatocytes, total protein extracts were prepared as 
described. previously [18]. Known amounts of protein were 
resolved by SDS/PAGE in 10°, polyacrylamide separation gels 
and transferred to nitrocellulose membranes. Immunoblotting 
was performed using monoclonal antibodies (12CA5; Roche 
Molecular Biochemicals) against the haemagglutinin (HA) tag 
present in the middle of the recombinant proteins. 

The protein kinase activity of authentic or recombinant PK B 
was assayed by immunoprecipitate enzyme assay. Hepatocytes in 
10-cm dishes were lysed in 1 ml of cell lysis buffer (New England 
Biolabs). Precipitation of endogenous PKB was with solid-phase 
antibodies to PKB (immobilized Akt1Gl monoclonal; New 
England Biolabs). Precipitation of the recombinant PKBs was 
with anti-HA immobilized on Protein A-Sepharose as described 
by Kohn et al. [10]. Precipitates were resuspended in a kinase 
assay mixture containing a glycogen synthase kinase (GSK)-3 
fusion protein (New England Biolabs) as substrate and non- 
radioactive ATP. The specific PK B reaction product was detected 
after SDS/PAGE by immunoblotting with Phospho-GSK-3 
(Ser21/9) antibodies (New England Biolabs). Secondary anti- 
bodies conjugated with horseradish peroxidase were used for 
detection and revealed by enhanced chemiluminescence. 


RESULTS 


Insulin induction of SREBP1 mRNA is suppressed by inhibitors of 
phosphoinositide 3-kinase (РІ 3-kinase) 


The kinetics of effect of insulin on hepatic SREBPI mRNA was 
studied using primary cultures of rat hepatocytes. As shown in 
Figure 1(A), the level of SREBPI mRNA began to increase at 
4 h after hormone addition and plateaued after 24 h of treatment. 
Mean increases of SREBPI mRNA were 6- and 20-fold of the 
starting level at 8h and 24h respectively in four separate 
hepatocyte experiments. 
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Figure 1 insulin effect on SREBP1 mRNA: time course and effects of 


inhibitors 


(A) Regular human insulin (3 x 107° M) was added to hepatocytes at zero time (0) and total 
ceil RNA was extracted at the indicated time points. Autoradiographs of Northern blots using 
20 wg RNA per lane hybridized with SREBP1 cDNA ог glyceraldehyde-3-phosphate de- 
hydrogenase (GAPDH) cDNA. (B) inhibitors [150 nM wortmannin (3 x 3, 50 HM LY 294002. 
30 uM PD 98059, 200 nM rapamycin) were added 30 min before insulin, and RNA was 
extracted 8 after insulin addition. Levels of SREBP1 mRNA were measured by phosphorimaging 
of Northern 01015. The results are presented as ratios of mRNA in the presence of insulin plus 
inhibitor over the value with inhibitor alone. The left-most bar shows the increase induced by 
шшш in the absence of inhibitor. Data are means + S.E.M. of four independent culture 
experiments. 


The level of SREBPI mRNA in hepatocytes was investigated 
8 h after the addition of insulin to hepatocytes incubated with 
various inhibitors of insulin signalling pathways (Figure 1B). 
The inhibitor of PI 3-kinase, wortmannin, abolished the inductive 
effect of insulin. The insulin-dependent increase in SREBPI 
mRNA was also suppressed by LY 294002, a structurally 
distinct inhibitor of PI 3-kinase. In contrast, the response to 
insulin was essentially unaffected by PD 98059, an inhibitor of 
mitogen-activated protein kinase activation, and by rapamycin, 
an inhibitor of the protein kinase mTOR (mammalian target of 
rapamycin). With the latter inhibitor, the effect of insulin 
appeared to be slightly diminished, although the difference did 
not reach statistical significance. However, the absolute levels of 
SREBPI mRNA in both the basal and insulin-stimulated states 
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Figure 2 Expression and activation by OHT of PKB—oestrogen receptor 
fusion protein in adenovirus-transduced hepatocytes 


(A) Hepatocytes were left uninfected or infected with adenovirus encoding Lac? or MER at the 
indicated multiplicity of infection (М.О). Cell extracts were prepared 16 h after transduction 
and samples containing 30 yg protein were subjected to immunoblotting using antibodies to 
the HA tag. (B) Hepatocytes were not infected or infected at an M.O.I. of 4 with virus encoding 
MER or A2ER. Hepatocytes were left untreated or treated with insuliry or OHT for 1 h. Cell 
extracts irom equivalent number of cells were immunoprecipitated using antibodies to PKB 
(uninfected celis) or HA (cells infected with MER and A2ER viruses) Portions of the 
immunoprecipitates were assayed for PKB as described in the Experimental section, The 
phosphorylated GSK3 reaction product was revealed by immunoblot with phospho-specific 
antibodies, Portions of the immunoprecipitates were separately electrophoresed and blotted with 
antibodies to HA, to verify similar expression of MER and AZER. 


were reduced to approx. 50°, in presence of rapamycin. The 
inhibitor effects shown in Figure 1(B) were maximal effects for all 
of the drugs tested, a point that was verified by dose-response 
experiments (results not shown). 


Expression of a conditionally activatable PKB fusion protein in 
cultured hepatocytes 


The previous results suggested that insulin-dependent induction 
of SREBP! required the activation of the PI 3-kinase. The role 
of PKB, a protein kinase downstream of PI 3-kinase, was 
investigated next. To this effect, hepatocytes were transduced 
with an adenoviral vector encoding a conditionally active form 
of PKB designed by Roth and colleagues [13]. This protein, 
termed MER (myristoylated AktA4-129—oestrogen receptor), is 
a chimaeric protein made up of a PKB moiety and an oestrogen 
receptor moiety, with an HÀ tag inserted to facilitate detection 
and immunoprecipitation. The expression of MER in transduced 
hepatocytes was quantified by immunoblotting with anti-HA 
antibodies (Figure 2A). Transduction with increasing numbers 
of viral particles resulted in dose-related expression of a recom- 
binant protein with an apparent M, of 89000, in agreement 
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Figure 3 
MER 


Induction of SREBP1 mRNA by OHT in hepatocytes expressing 


Hepatocytes were infected with adenovirus encoding MER at a М.О. of 4 and were challenged 
with ОНТ 16 h after infection. (A) Time-course of change in SREBP1 mRNA in hepatocytes 
incubated with 0.2 4M OHT. (B) Dose-response of SREBP1 mRNA with the indicated 


M insulin (ins) at 8 h, Lower panels in (А) and (B) depict the 28 S rRNA in the Acridine-Orange 
stained gel. (C) Uninfected hepatocytes or hepatocytes infected with adenovirus encoding MER 
or AZER were left untreated, or exposed for 8 h to ОНТ at the doses indicated or to insulin 
(3 x 107* M). After Northern blotting, SREBP1 mRNA was quantified by phosphorimaging. In 
each group of cells, MRNA amounts were expressed as а percentage of the amount in celis 
incubated with insulin. Data are means + 5.0. of values in three independent culture 
experiments, 


with the sequence of MER. This protein was absent both in non- 
transduced hepatocytes and in control hepatocytes transduced 
using a lacZ recombinant adenovirus. Staining the latter cells for 
f-galactosidase activity indicated that the transduction efficiency 
was 50-80 ?4 at a multiplicity of infection of 4 and = 80°% at a 
multiplicity of infection of 8 (results not shown). 

The ability of the synthetic oestrogen 4-hydroxytamoxifen 
(OHT) to activate the chimaeric PKB was tested by immuno- 
precipitate kinase assay. The effect of OHT was compared with 
that of insulin on authentic PKB in non-transduced hepatocytes, 
As may be seen in Figure 2(B), hepatocytes transduced with the 
MER vector and incubated with OHT for 1 h exhibited strong 
activation of PKB activity of MER immunoprecipitated with 
anti-HA antibodies. The effect was comparable with the insulin 
stimulation of authentic PKB precipitated with anti-PK B anti- 
bodies in extracts of non-transduced hepatocytes. 
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For control purposes, hepatocytes were also transduced with 
a vector encoding a form of the PKB fusion protein termed 
A2ER, in which the N-terminal myristoylation signal of the 
fusion protein is inactivated by a Cys-2 > Ala mutation [13] As 
illustrated in Figure 2(B), the PKB activity of this protein 
assayed in anti-HA immunoprecipitates was not affected by 
incubation of the hepatocytes with OHT. Both the mutated and 
unaltered fusion proteins were expressed at similar levels, as 
verified by immunoblotting with anti-HA antibodies (bottom 
panel) The lack of OHT activation of the A2ER protein is 
consistent with the earlier results of Kohn et al. [13]. 


Induction of SREBP1 gene expression by OHT In hepatocytes 
expressing MER 


The effect of OHT on the level of SREBP1 mRNA in hepatocytes 
transduced with the MER adenovirus was investigated. À time- 
dependent accumulation of SREBPI mRNA was noted from 
4—24 h after the addition of OHT (0.2 uM), as shown by Northern 
blotting (Figure 3A). The increase in specific mRNA was dose- 
related between 0.04 uM and 1 yM ОНТ (Figure 3B). Data from 
three separate experiments (Figure 3C) showed that OHT at 
0.2 uM was as efficacious for SREBP/ induction as a maximal 
concentration of insulin (3 x 10-§ M). Importantly, induction of 
SREBPI mRNA by OHT was restricted to hepatocytes ex- 
pressing MER. A similar effect did not take place in non- 
transduced hepatocytes, or in hepatocytes transduced with the 
contro] A2ER adenovirus. 


DISCUSSION 


Using the run-on assay, Foretz et al. [7] have shown that insulin 
stimulates the transcription of the SREBPI gene in rat liver cells. 
Therefore we infer that the regulation of SREBPI mRNA in our 
experiments resulted mostly from regulation at a transcriptional 
level. The predominant transcript of the SREBPI gene in liver is 
by far SREBPlc mRNA, and this form was the major insulin- 
regulated 5КЕВРІ mRNA identified by RNAse protection assay 
in hepatocytes [19]. On this basis, the effects reported herein most 
likely pertain to SREBPIc mRNA, although Northern blotting 
with SREBP cDNA probes actually does not discriminate 
between the two mRNAs. 

The availability of the OHT-activated PKB fusion protein, 
and the use of adenovirus vectors to perform gene transfer in a 
very high percentage of primary hepatocytes, has allowed us to 
investigate the possible role of PKB in hepatic SREBPI gene 
expression by a direct approach. The data conclusively establish 
that acute stimulation of PK B activity in isolated hepatocytes is 
sufficient to cause an increase in SREBP1 mRNA levels. Non- 
transduced hepatocytes did not induce SREBPI mRNA in 
response to OHT. More importantly, SREBPI mRNA was not 
increased in hepatocytes expressing a recombinant PKB re- 
fractory to activation by OHT. This provides stringent proof 
that the accumulation of SREBP mRNA after OHT addition to 
the hepatocytes expressing MER was specifically due to PKB 
activation. Furthermore, the effect elicited by OHT ın cells 
expressing MER was similar 1n time-course and magnitude to the 
effect of insulin 1n non-transduced hepatocytes. 

The insulin effect on SREBPI gene expression was virtually 
unaffected by the MEK inhibitor, PD 98059, and thus does not 
appear to require activation of the mitogen-activated protein 
kinase cascade. By contrast, results with wortmannin and LY 
294002 clearly implicated the PI 3-kinase signalling pathway. A 
major consequence of the activation of PI 3-kinase by insulin in 
many cell types, including hepatocytes, is a stimulation of PKB 
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activity [20,20a]. The collective results of experiments using 
inhibitors of PI 3-kinase, on the one hand, and conditional 
activation of PKB, on the other hand, lead us to propose that 
induction of SREBPI gene expression in the liver is most likely 
mediated via the PI 3-kinase/PK B branch of the insulin signalling 
pathways. Rapamycin, an inhibitor of mTOR, significantly 
reduced both induced and basal levels of SREBP1 mRNA, such 
that a strong insulin stimulation was conserved. However, a 
possible role of mTOR, which was recently shown to be a 
substrate for PKB [21], in maintaining basal SREBPI gene 
expression would deserve further investigation. 

The PI 3-kinase/PK B signalling pathway is thought to be 
involved in the insulin regulation of several genes, notably the 
gene for the insulin-like growth-factor binding protein (IGF-BP) 
] [22] Recently, PKB was shown to phosphorylate several 
transcriptional activators of the forkhead family, including 
FKHR, AFX and FKHRLI, in vitro and in intact cells. The 
phosphorylation of specific residues in these factors inhibited 
their ability to activate transcription of target genes as a result of 
the sequestration of the phosphorylated factors in the cytoplasm 
[23—25]. Thus, the insulin-dependent repression of the /GF-BP1 
gene, which harbours a cis-acting element capable of binding 
FKHR in its promoter, might depend, at least in part, on PKB- 
mediated phosphorylation and inactivation of this forkhead 
transactivator [22]. However, recent evidence has suggested that 
additional signals by-passing the PK B pathway might contribute 
to down-regulate the transactivating potential of FKHR [26]. 
Similarly, two distinct experimental systems using hepatoma 
cells have provided data either in favour of or against a critical 
role of PKB in the negative regulation of the phosphoenol- 
pyruvate carboxykinase gene by insulin [27,28]. 

Evidence for a role of PKB in the positive regulation of specific 
gene expression by insulin is more limited. Recent publications 
suggest that GLUT1 and fatty acid synthase might be induced 
via PKB activation [29,30]. The transcription factors which 
might be affected directly or indirectly by PKB and transduce 
positive effects of insulin on gene expression are currently 
unknown. With respect to SREBPI gene expression, the present 
data strongly suggest that the insulin effect might be mediated by 
PKB. A proof for this conclusion will require evidence for the 
abolition of the effect of insulin after complete and specific 
suppression of PKB activation. Moreover, insulin signalling via 
several, possibly redundant, pathways remains an intriguing 
possibility. 
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Decorin is a small leucine-rich extracellular matrix proteoglycan, 
the expression of which is down-regulated in proliferating and 
malignantly transformed cells. In the present study we show that 
the expression of decorin in fibroblasts is suppressed by epidermal 
growth factor (EGF) and PMA, and that the effect of both 1s 
potently inhibited by blocking the extracellular signal-regulated 
^ protein kinase (ERK)1,2 signalling pathway (Raf/MEK1,2/ 
ЕКК 1,2) with the specific MAPK /ERK kinase (MEK)1,2 in- 
hibitor, PD98059. In addition, specific activation of ERK1,2 by 
adenovirus-mediated expression of constitutively active MEK 1 
in dermal fibroblasts results in marked reduction in decorin 
mRNA abundance and production. Co-transfection of NIH-3T3 
fibroblasts with human decorin promoter/chloramphenicol 
acetyltransferase (CAT) construct (pDEC —879/CAT) in com- 


bination with the expression vectors for constitutively active 
Raf-1 and МЕК І markedly suppressed decorin promoter ac- 
tivity. Co-transfections of human decorin promoter 5'-deletion 
constructs with constitutively active МЕК 1 expression vector 
identified the region —278 to —188 as essential for ERK 1,2 
mediated down-regulation of decorin promoter activity. These 
results show that activation of the ERK 1,2 signalling pathway by 
a mitogenic growth factor, a tumour promoter or transformation 
suppresses decorin gene expression in fibroblasts, which in turn 
may promote proliferation and migration of normal and ma- 
lignant cells. 


Key words: adenovirus, biglycan, EGF, proteoglycan, mitogen- 
activated protein kinase. 





INTRODUCTION 


Decorin is a chondroitin/dermatan sulphate proteoglycan, which 
belongs to the gene family of small leucine-rich proteoglycans 
that also includes biglycan, fibromodulin and lumican [1,2] 
Decorin is an abundant component of the extracellular matrix 
(ECM) of skin and bone and it associates with type I, II and VI 
collagen fibrils, and fibronectin in vivo [1,2]. In addition, decorin 
can inhibit the biological activity of transforming growth factor- 
f (TGF-f) by binding it with the core protein [3]. 

Decorin is abundantly expressed by normal fibroblasts in 
which its expression is enhanced by interleukin-1 [4,5] and 
dexamethasone [6], and inhibited by TGF-f [7], tumour necrosis 
factor-~ (TNF-«) [8] and retinoic acid [6]. The expression of 
decorin 1n fibroblasts 1s cell cycle-dependent; it is low in prolif- 
erating cells and high in quiescent cells [8]. Decorin inhibits 
proliferation of A431 squamous carcinoma cells by binding to 
epidermal growth factor (EGF) receptors (EGFRs), activating 
EGFR signalling, including the extracellular signal-regulated 
protein kinase (ERK)1,2 pathway, and expression of p21 [9-11]. 
Furthermore, overexpression of decorin in fibroblasts inhibits 
their proliferation (L. Häkkinen, S. Strassburger, F. Scott, 
V.-M. Kahari, K. G. Danielsson, R. V. Iozzo and Н. Larjava, 
unpublished work). These findings are in accordance with 
previous observations showing that malignant transformation 
of cells results in loss of decorin expression and that restoration of 


decorin expression causes growth arrest in malignant cells [12-14]. 
In addition, viral transformation of human fibroblasts by the v- 
src oncogene results in marked reduction of decorin expression 
[15]. 

In the present study we show that in fibroblasts, suppression of 
decorin expression by EGF and tumour promoter PMA is 
mediated by the ERK 1,2 signalling cascade, and that activation 
of ERK1,2 by constitutively active MEK1 potently suppresses 
decorin expression at the transcriptional level. These results 
show that activation of the ERK1,2 pathway by mitogenic 
growth factors, tumour promoters or transformation suppresses 
decorin expression in fibroblasts, which may 1n turn promote 
proliferation and migration of normal and malignant cells and 
play a role in malignant transformation. 


MATERIALS AND METHODS 
Materials 


MEK 1,2 inhibitor PD98059 (2'-amino-3'-methoxyflavone) [16], 
p38 inhibitor SB203580 [4-(4-fluorophenyl)}-2-(4-methylsul- 
phinylphenyl)-5-(4-pyridyl)-1 H-rmidazole] [17] and human 
recombinant EGF were obtained from Calbiochem (San Diego, 
CA, U.S.A.). PMA was obtained from Sigma (St. Louis, MO, 
О.8.А.). 


Abbreviations used. CAT, chloramphenicol acetyltransferase; CMV, cytomegalovirus, CS, calf serum, DMEM, Duibecco's modified Eagle's medium, 
ECM, extracellular matrix, EGF, epidermal growth factor; EGFR, EGF receptor, ERK, extracellular signal-regulated protein kinase, FBS, fetal bovine 
serum, FCS, fetal СЗ; GAPDH, glyceraidehyde-3-phosphate dehydrogenase, JNK, c-Jun N-terminal kinase, MAPK, mitogen-activated protein kinase, 
MEK, MAPK/ERK kinase: МКК, MAPK kinase; MOI, multiplicity of infection, pfu, plaque-forming units, RSV, Rous sarcoma virus, TGF-£, transforming 


growth factor-8, TNF-a, tumour necrosis factor-a. 
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Cell culture 


Normal human skin fibroblasts established by explantation from 
punch biopsy were obtained from a healthy male volunteer (age 
23), and human gingival fibroblasts were derived from healthy 
gingiva of a 25-year old female. The fibroblasts were cultured in 
Dulbecco's modified Eagle's medium (DMEM) supplemented 
with 10% (v/v) fetal bovine serum (FBS), 2 mM glutamine, 100 
units/ml penicillin-G and 100 ug/ml streptomycin Mouse NIH- 
3T3 fibroblasts (from A.T.C.C.; Rockville, MD, U.S.A.) were 
cultured in DMEM supplemented with 10% (v/v) calf serum 
(CS) , 2 mM glutamine, 100 units/ml penicillin-G and 100 ug/ml 
streptomycin. For experiments, human skin and gingival fibro- 
blasts were maintained in culture medium supplemented with 
0.595 fetal CS (FCS) for 18 h. EGF or PMA was added and 
incubations were continued for 24h. In experiments with 
mitogen-activated protein kinase (MAPK) inhibitors, these were 
added 1 h prior to the addition of EGF or PMA. 


Assay of MAPK activation 


The activation of ERK1,2 and p38 MAPK was determined by 
Western-blotting using antibodies specific for phosphorylated, 
activated, forms of the corresponding MAPKs (New England 
Biolabs, Beverly, MA, U.S.A.). Fibroblasts were treated with 
EGF and PMA in DMEM supplemented with 0 595 FCS for 
different periods of time, and lysed ın 100 ul of Laemmli sample 
buffer. The samples were then sonicated, separated by SDS/ 
PAGE (10% polyacrylamide) and transferred to Hybond ECL® 
membrane (Amersham, Little Chalfont, Bucks., U K ) Western- 
blotting was performed as described previously [18], with 
phospho-specific antibodies against ERK 1,2 and p38 at 1:1000 
dilution, using ECL® for detection (Amersham). As loading 
controls Western-blots were also performed using antibodies 
against total p38 (New England Biolabs) at 1: 1000 dilution. 


Infection of fibroblasts with recombinant adenoviruses 


Recombinant replication-deficient adenovirus RAdLacZ 
(RAd35) [19], which contains the Escherichia coli B-galactosidase 
gene (LacZ) driven by the cytomegalovirus (CMV) IE pro- 
moter was kindly provided by Dr Gavin W.G. Wilkinson 
(University of Cardiff, Cardiff, Wales). Construction and charac- 
terization of recombinant adenovirus RAdM EK Ica, coding for 
constitutively active MEK1, driven by the CMV IE promoter, 
has been described previously [20]. Recombinant adenoviruses 
RAdMKK3bE [21] and RAGMKKO6bE [21], coding for con- 
stitutively active MKK3b and MKK6b (where MKK ıs MAPK 
kinase), respectively, were kindly provided by Dr Jiahuai Han 
(Scripps Research Institute, La Jolla, CA, U.S.A.). 

Human skin and gingival fibroblasts (5 x 10°) in suspension 
were infected with recombinant adenoviruses RAdLacZ, 
RAdMEK Ica, RAdMKK3bE ог RAdMKKODbE ata muliplicity 
of infection (MOT) of 500 plaque-forming units (pfu) /cell, plated 
and incubated for 18 h, as described ın [18,22]. Culture medium 
(DMEM supplemented with 1% FCS) was changed and con- 
ditioned media was collected after 24h for assay of decorin 
production. The cell layers were harvested for extraction of total 
RNA or determination of activation of ERK 1,2 and p38 MAPK, 
as described above. 


RNA analysis 


Total cellular RNA was isolated from cells using the single-step 
method [23]. Northern-blot hybridizations were performed as 
described previously [6,7], using a 1.8 kb human decorin cDNA 
[24] (kindly provided by Dr Tom Krusius, Finnish Red Cross, 
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Helsinki, Finland), a 1.6 kb human biglycan cDNA [25] (kindly 
provided by Dr Larry Fisher, NIDR, Bethesda, MD, U.S.A ), 
and a 1.3kb rat cDNA for glyceraldehyde-3-phosphate de- 
hydrogenase (GAPDH) [26]. The P*P]cDNA-mRNA hybrids 
were visualized by autoradiography Deconrn and biglycan 
mRNA levels were quantified by scanning densitometry, and 
corrected for the levels of GAPDH mRNA in the same samples. 


Assay of decorin production 


Equal aliquots of conditioned media were analysed by Western- 
blotting, as described previously [7] with rabbit antiserum against 
human decorin (kindly provided by Dr Tom Krusius) at 1-500 
dilution Specific binding of antibodies was detected by horse- 
radish peroxidase-conjugated secondary antibodies, followed by 
ECL? (Amersham). The levels of immunoreactive decorin were 
quantified by densitometric scanning of the X-ray films. 


Transient transfections and chloramphenicol acetyitransferase 
(CAT) assays 


Confluent NIH-3T3 fibroblast cultures were transiently trans- 
fected with 5 ug of human decorin promoter/CAT 5’-deletion 
constructs (pDEC — 879/САТ, pDEC — 480/CAT, pDEC — 326/ 
CAT, pDEC —278/CAT, pDEC — 222/CAT, pDEC — 188/CAT 
or pDEC—140/CAT) [8,27] In co-transfections the cells were 
transfected with pDEC —879/CAT in combination with 5 ug of 
expression vectors for wild-type MEK1, constitutively active 
MEK!1 [28] (kindly provided by Dr Natalie Ahn, University of 
Colorado, Boulder, CO, U.S.A.), wild-type ERK1 and ERK2 
[29] (kindly provided by Dr Melanie Cobb, Southwestern Medical 
Center, Dallas, TX, U.S.A.), or constitutively active Raf-1 [30] 
(kindly provided by Dr Ulf Rapp, University of Wiürtzburg, 
Germany). Control cultures were co-transfected 1n parallel with 
the respective empty expression vectors. 

Transfections were performed using the calcium phosphate/ 
DNA. co-precipitation method, followed by a 2 min glycerol 
shock [31]. The cells were maintained in DMEM and 1% FBS 
for 48 h, and CAT activity was measured as described previously 
[31]. The transfection efficiency was monitored by co-trans- 
fecting the cells with 2 ug of Rous sarcoma virus (RSV)/f- 
galactosidase construct and correcting the CAT activities for 
f-galactosidase activity [31]. 


RESULTS 


Suppresslon of decorin expression by EGF and PMA in fibroblasts 
Is mediated by ERK1,2 


To examine the regulation of fibroblast decorin gene expression 
by mitogenic stimuli, we first studied the effect of EGF and 
protein kinase C activator, phorbol ester PMA, on the expression 
of decorin mRNA levels by Northern-blot hybndizations. Treat- 
ment of dermal fibroblasts with EGF (25 ng/ml) resulted in 
rapid activation of ERKI,2 and this activation was potently 
inhibited by blocking the ERKI,2 pathway (Raf/MEK1,2/ 
ERK1,2) by a specific MEKI,2 inhibitor, PD98059 (20 uM) 
(Figure 1, left-hand upper panel) EGF also rapidly and tran- 
siently activated p38 MAPK in fibroblasts, but this activation 
was not altered by co-treatment with PD98059. As shown in the 
left-hand middle and lower panels of Figure 1, EGF treatment of 
cells resulted in the suppression (6095) of decorin mRNA 
expression. Interestingly, co-treatment of cells with MEK1,2 
inhibitor PD98059 (40 uM) prevented the inhibitory effect of 
EGF on decorin mRNA expression (left-band middle and lower 
panels of Figure 1). In contrast, inhibition of p38 MAPK activity 
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Figure 1 Suppression of decorin expression by EGF and TPA is mediated by ERK1,2 po c LL E 


Upper panels: Confiuent cultures of human skin fibroblasts were incubated with (left panel) EGF (25 пот) or (right panel) РМА (60 ng/m alone or in combination with MEK1,2 inhibitor PD98059 
(20 4M) in DMEM supplemented with 0.5% FCS for different periods af time, as indicated, The levels of activated ERKI and ERK2 (p-ERK1, p-ERK2), and p38 (9-038! were determined by Western- 
blot analysis using phosphospecific antibodies for the corresponding MAPKs. Middie and lower panels: Confluent cultures of human skin fibroblasts in DMEM supplemented with 0.53; FCS were 
incubated for 24 h with (left panel) EGF (25 ng/ml) or (right panel) PMA (60 ng/ml) alone of in combination with PD98059 (40 aM with EGF and 20 nM with РМА) or with SB203580 (20 М 
with EGF and 10 «М with РМА), a selective p38 MAPK inhibitor. The expression of decorin, biglycan and GAPDH mRNAs was analysed by Northern-biot hybridizations of totai RNA (12 ug). 
Densitometric quantifications of decorin and bigiycan mRNA levels corrected for GAPDH mRNA levels are shown relative to the levels in untreated control ceils (100) (histograms), TPA = РМА. 


by SB203580 (20 М) slightly augmented the down-regulatory inhibited by PD98059 (right-hand upper panel of Figure 1). 
effect of EGF on decorin mRNA expression (left-hand middle PMA also rapidly and transiently activated p38 MAPK in these 


and lower panels of Figure 1). In the same cultures biglycan cells (right-hand upper panel of Figure 1). Treatment of dermal 
mRNA levels were also decreased (by 43°) by EGF and this fibroblasts with PMA also resulted in the suppression of the 
reduction was inhibited by PD98059 (left-hand middle and lower abundance of decorin mRNA (by 52 ",) and the down-regulation 
panels of Figure 1). EGF treatment also inhibited decorin mRNA was entirely prevented by PD98059 (20 uM). but not by SB203580 
expression by 78°, in human gingival fibroblasts, and the (10 4M) (right-hand middle and lower panels of Figure I) 
inhibition was in part prevented by PD98059 (results not shown). Similarly, PMA treatment also inhibited decorin mRNA ex- 

Treatment of dermal fibroblasts with PMA (60 ng/ml) also pression (by 78°) in human gingival fibroblasts. апа the 
resulted in rapid activation of ERKI.2, and p38 MAPK in inhibition was in part prevented by PD98059 (results not shown). 
dermal fibroblasts, and the activation of ERK 1,2 was potently The inhibitory effect of PMA on biglycan expression was minimal 
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Figure 2 Activation of ERK1,2 results in suppression of decorin expression by dermal fibroblasts 


Confluent human skin fibroblast cultures were transduced at a MO! of 500 plu/ml with recombinant adenoviruses harbouring /7-galactosidase (RAdLacZ), constitutively active MEKT (RAdMEKTc4), 
MKK3b (RAdMKK3bE) or MKK6b (RAdMKKGDE), and incubated for 18 h. The media were changed and the incubations continued for another 24 h. Left panel: the levels of activated ERKT and 
ERK2 (p-ERK1, p-ERK2), and p38 (p-p38) in се! lysates were determined by Western-blot analysis using phoshospecific antibodies for the corresponding MAPKs. As igading control, the levels 
of total p38 MAPK were determined in the same samples using a specilic antibody. Middle panel: the levels of decorin, biglycan and GAPDH mRNAs were measured by Northern-blot hybridizations 
in aliquots (15 jag) of total RNA from uninfected (control) and adenovirally infected cells. Decorin and biglycan mRNA levels were quantified by scanning densitometry, carrected for the levels 
of GAPDH mRNA, and shown relative to the levels in untreated control cells (100) (histogram). Right panel: aliquots of conditioned media of uninfected dermal fibroblasts (contro!) or cells infected 
with RAdLacZ or RAGMEK ica were assayed for the levels of decorin by Western-blot analysis using a decorin antiserum. The migration positions of molecular-mass markers (M, x 10773 are shown 
on the left. The values below the panel represent the levels of decorin relative to the uninfected contro! cultures (1.0) determined by densitometric scanning of the X-ray films. 


(17945). but was augmented to 50°, by SB203580 (right-hand 
middle and lower panels of Figure 1). Together these results 
show that inhibition of decorin expression in fibroblasts by both 
EGF апа PMA is mediated via ERK1,2, whereas blocking the 
p38 pathway does not prevent down-regulation of decorin 
expression. In addition, the suppression of biglvcan expression 
by EGF is mediated by the ЕКК 1,2 signalling cascade. 


Activation of ERK1,2 inhibits decorin expression in fibroblasts 


To directly examine the role of ERK 1.2and p38 MAPK signalling 
pathways in the regulation of decorin gene expression we infected 
fibroblasts with recombinant adenoviruses; RAdMEK Ica, 
coding for constitutively active MEK І (the activator of ERK 1,2). 
RAdMKK3bE or RAdMKKGDE, harbouring constitutively ac- 
tive p38 activators MKK3b and MKKoOb, respectively. Cells 
were infected at a MOI of 500 pfu/cell, which results in nearly 
100 *, transduction efficiency of human primary fibroblasts [18]. 
As shown in the left panel of Figure 2, infection of fibroblasts 
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with adenovirus for constitutively active MEKI (RAGMEK Ica) 
resulted in activation of ЕКК 1,2, but not p38 MAPK. In 
parallel, adenovirus-mediated expression of constitutively active 
MKK3b (RAdMKK3bE) or МКК 6b (RAGMK KODE) resulted 
in activation of p38, but not ERK 1,2 (left panel of Figure 2). 
Expression of constitutively active MEK!, MK K3b or MK K6b 
had no effect on the total cellular levels of p38, determined as 
loading control (left panel of Figure 2). Infection of cells with 
control virus RAdLacZ did not result in sustained activation of 
ERK 1,2 but slightly activated p38 (left panel of Figure 2). 

As shown in the middle panel of Figure 2, adenovirus-mediated 
expression of constitutively active МЕК І resulted in a marked 
(6194) reduction in decorin mRNA abundance, as compared 
with cells infected with the control virus (RAdLacZ). In contrast, 
infection of parallel cultures with adenoviruses for constitu- 
tively active MKK3b or MKK6b had no marked effect on 
decorin mRNA levels (middle panel of Figure 2). Adenovirus- 
mediated expression of constitutively active MEKI also sup- 
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pressed biglycan mRNA levels (by 57°), and infection with 
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Figure 3 Activation of ERK1,2 results in down-reguiation of decorin 
promoter activity in fibroblasts 


Upper panel confluent NIH-3T3 fibroblast cultures were transiently transfected with 5 д] 
of human decor promoter/CAT construct (pDEC — 879/CAT) in combination with 5 ug ol 
expression vectors for wild-type MEKI (MKK1wt) alone or together with expression vectors for 
constitutively active Raf-1 (BXB) Middle panel: NIH-3T3 fibroblast cultures were co-transfected 
with pDEC — 879/CAT п combination with the expression vector for constitutrvaly active MEK1 
(MKK1RF4) alone or together with the expression vectors for wiki-type ERKI and ERK2 
(wtERK1,2) (25 ug each). Lower panel NIH-3T3 fibroblasts were transfected with different 
decorin promoter/CAT 5’-delehon constructs (5 ug) In combination with the expression vector 
for constitutively active MEKI (МККТАРА) (5 ug) For all experiments shown in this figure 
control cultures were cotransfected with 5 4g of the respective empty expression vectors 
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RAdUMKK3bE or RAAMKK6bE up-regulated biglycan mRNA 
levels by 33% and 22%, respectively, compared to RAdLacZ 
infected cells (middle panel of Figure 2). Transduction of 
fibroblasts with control virus RAdLacZ also down-regulated 
decorin mRNA levels (by 36%) and up-regulated biglycan 
mRNA expression (by 39%), as compared to uninfected cells 
(middle panel of Figure 2). The effect of RadLacZ on decorin 
expression may be due to rapid and transient activation of the 
ERK 1,2 pathway by adenoviral infection [32] Transduction of 
human gingival fibroblasts with RAdMEK Ica also suppressed 
decorin mRNA abundance (by 77%), in companson to 
RAdLacZ infected cells (results not shown). 

Assay of the levels of immunoreactive decor in the con- 
ditioned media of human dermal fibroblasts showed that infection 
of these cells with RAdMEK Ica also resulted 1n 67% reduction 
in decorin production, as compared to RadLacZ infected cells 
(right panel of Figure 2). Infection of fibroblasts with RAdLacZ 
also reduced decorin production by 40 % (right panel of Figure 
2), again possibly due to transient activation of ERK1,2 by 
adenovirus infection [32]. Together these results clearly show 
that activation of ERK 1,2 by constitutively active МЕК 1 results 
in potent suppression in decorin gene expression by primary 
fibroblasts. 


Activation of ERK1,2 results In down-regulation of decorin 
promoter activity in fibroblasts 


To examine whether activation of ERK1,2 resulted in the 
suppression of decorin promoter activity we transiently trans- 
fected NIH-3T3 fibroblasts with the human decorin promoter/ 
CAT construct, pDEC —879/CAT, in combination with the 
expression vector for constitutively active Raf-1. As shown in 
the upper panel of Figure 3 co-expression of constitutively active 
Raf-1 with its substrate, wild-type МЕК І, resulted in potent 
(67 95) inhibition of decorin promoter activity, as compared to 
cells co-transfected with the empty expression vectors. Co- 
transfection of pDEC —879/CAT with wild-type MEKI alone 
also inhibited decorin promoter activity by 41 95, possibly due to 
auto-activation of the wild-type МЕКІ (upper panel of Figure 
3) Similarly, co-transfection of pDEC —879/CAT with the 
expression vector for constitutively active MEKI suppressed 
decorin promoter activity by 53 % (middle panel of Figure 3). In 
addition, simultaneous expression of constitutively active MEK І 
with its substrates, wild-type ERK1 and ERK2 resulted in even 
more potent (71%) suppression of the activity of pDEC- 
879/CAT (middle panel of Figure 3). These transfections show 
that activation of the ERK 1,2 signalling cascade at the level of 
Raf-1 or MEKI results in potent inhibition of decorin promoter 
activity in fibroblasts. 

Next, we co-transfected NIH-3T3 fibroblasts with different 
human decorin promoter/CAT 5'-deletion constructs spanning 
the region from —879 to —140 in combination with the 
expression vector for constitutively active MEK І. Elimination of 
the human decorin promoter region between —278 and — 188 
resulted in loss of down-regulation of promoter activity by 


(pGMV5, pKRSPA or CE4pL). After the glycerol shock the cultures were maintained for 48 h 
in DMEM containing 1% FBS, the cells were harvested, and CAT activity was measured as an 
indicator of decorin promoter activity. Transfection efficiency was monitored by co-transfecting 
the cells with 2 шо of RSV/ff-galactosrdase construct The values represent the means of two 
or three indapendent transfections each performed in duplicate and are shown relative to the 
activity of pDEC — 879/CAT co-transfected with the empty expression vectors (100) Values are 
means +5 ЕМ. (where SEM Is less than 16% for each transfection; except 35% for 
pDEC — 140/CAT) 
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constitutively active MEK1 (lower panel of Figure 3). These 
observations show that down-regulation of decorin expression as 
a result of ERK 1,2 activation is mediated by cis-elements distinct 
from those mediating the inhibition of decorin gene transcription 
by TNF-a, which involves cis-elements in the region — 188 to 
— 140 and in the 5'-untranslated region of exon Ib [8]. 


DISCUSSION 


It has been shown that decorin expression is suppressed in 
proliferating and malignantly transformed cells [8,12—14] and 
that decorin itself can activate EGFR signalling, leading to 
activation of ERK 1,2 [9-11,13]. The aim of the present study was 
to elucidate the role of MAPK signalling pathways in mediating 
the inhibition of decorin expression in proliferating fibroblasts. 
We demonstrate that decorin expression in primary human 
fibroblasts is inhibited by a mitogenic growth factor, EGF, and 
by tumour promoter, PMA, via the ERKI1,2 pathway. In 
addition, our results show that activation of the ERK1,2 
signalling cascade results in suppression of decorin production 
by human skin and gingival fibroblasts, and that the inhibition 
takes place at the transcriptional level. 

It has been shown previously that the expression of constitu- 
tively active MEK 1 results in transformation of fibroblasts [28]. 
Using adenovirus-mediated gene delivery, we show in the present 
study that the expression of constitutively active MEK] also 
results in inhibition of decorin expression in normal human 
fibroblasts. Our recent observations show that adenovirus- 
mediated expression of constitutively active MEK 1 in gingival 
fibroblasts results in the activation of c-Jun N-terminal kinase 
(JNK)1, as detected by Western-blot analysis using a phospho- 
JNK specific antibody [18]. It is therefore possible that in the 
experiments with constitutively active MEK1 the inhibition of 
decorin expression also involves activation of JNK1, which may 
play a role in transformation of fibroblasts by constitutively 
active MEK 1 together with ERK 1,2. 

As decorin can serve as a ligand for the EGFR and activate 
its downstream signalling pathways, including the ERK1,2 
cascade [10,11], the results of the present study suggest that 
decorin inhibits its-own expression in fibroblasts via the ERK 1,2 
pathway. This suggests that the expression of decorin in normal 
cells is under strict control by contact with the surrounding 
ECM. Furthermore, these observations showing that activation 
of the ERK1,2 cascade in fibroblasts by mitogenic growth 
factors, tumour promoters or transformation potently inhibits 
decorin expression, provide an explanation why decorin does not 
belong to the cluster of genes expressed by proliferating cells. 
Interestingly, it was shown recently that decorin can also inhibit 
cell migration, an important aspect of cell invasion [33]. It 1s 
therefore probable that inhibition of decorin production, as a 
result of ERK1,2 activation, promotes cell proliferation and 
favours cell migration. : 

Although the inhibition of decorin expression, obtained by 
activation of ERK1,2, was consistent from one experiment to 
another, it should be noted that the maximal suppression of 
deconrn gene expression was approximately 70%. This is in 
accordance with the level of suppression obtained with other 
inhibitors of decorin expression [6—8], and provides further 
evidence that decorin gene expression 1n normal fibroblasts is 
under strict control. It was also interesting to note that activation 
of the ERK1,2 signalling cascade suppressed expression of 
biglycan by dermal fibroblasts. However, biglycan does not 
induce phosphorylation of the EGFR [10]. In addition, the 5’- 
regulatory regions of human decorin and biglycan genes are 
quite different [27,34,35], reflecting the differential expression 
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patterns and regulation of these two proteoglycans [1,2,4—8]. In 
conclusion, these observations identify a novel mechanism for 
suppression of decorin expression in proliferating and trans- 
formed cells and offer a new therapeutic approach for modulating 
decorin expression in fibroblasts. 
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Characterization and regulation of Leishmania major 3-hydroxy-3-methyl- 


glutaryl-CoA reductase 


Andrea MONTALVETTI, Javier PENA-DIAZ, Ramón HURTADO, Luis Miguel RUIZ-PEREZ and Dolores GONZÁLEZ-PACANOWSKA' 
Instituto de Parasitología y Biomedicina ' López-Neyra', Consejo Supenor de Investigaclones Científicas, C/Ventanilla 11, 18001-Granada, Spain 


In eukaryotes the enzyme 3-hydroxy-3-methylglutary] CoA 
(HMG-CoA) reductase catalyses the synthesis of mevalonic acid, 
a common precursor to all isoprenoid compounds. Here we 
report the isolation and overexpression of the gene coding for 
HMG-CoA reductase from Leishmania major. The protein from 
Leishmania lacks the membrane domain characteristic of 
eukaryotic cells but exhibits sequence similarity with eukaryotic 
reductases. Highly purified protein was achieved by ammonium 
sulphate precipitation followed by chromatography on hydroxy- 
apatite. Kinetic parameters were determined for the protozoan 
reductase, obtaining K, values for the overall reaction of 
40.3+ 5.8 uM. for (R,S)-HMG-CoA and 81.4+5.3 4M for 
NADPH; V... was 33.55+1.8 units: mg'^!. Gel-filtration experi- 


ments suggested an apparent molecular mass of 184 kDa with 
subunits of 46 kDa. Finally, in order to achieve a better under- 
standing of the role of this enzyme in trypanosomatids, the effect 
of possible regulators of isoprenoid biosynthesis in cultured 
promastigote cells was studied. Neither mevalonic acid nor 
serum sterols appear to modulate enzyme activity whereas 
incubation with lovastatin results in significant increases in the 
amount of reductase protein. Western- and Northern-blot analy- 
ses indicate that this activation is apparently performed via post- 
transcriptional control. 


Key words: ketoconazole, lovastatin, mevalonic acid, sterol, 
trypanosomatid. 





INTRODUCTION 


Leishmania species are protozoan parasites that cause the leish- 
maniases, diseases for which there is a need of improved 
chemotherapy. These flagellated parasites contain sterols of 
fungal type such as ergosterol [1,2], which differs from cholesterol, 
the predominant mammalian sterol, by the presence of 24-methyl 
group and A’ and A" bonds. Cholesterol can be taken up in large 
amounts by Leishmania promastigotes from the medium, but 
cannot be further metabolized or synthesized de novo from 
exogenous mevalonic acid [3]. Sterol biosynthesis inhibitors are 
effective anti-proliferative agents that have been used in the 
treatment of diseases produced by fungi and yeast [4,5]. Leish- 
mania is also highly sensitive to this class of agents and the 
combined administration of lovastatin, a potent competitive 
inhibitor of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) re- 
ductase, and 14a-demethylase inhibitors such as miconazole or 
ketoconazole present synergistic effects when inhibiting growth 
of the parasite in vitro [6]. Hence, the combined use of sterol 
biosynthesis inhibitors that act at different steps of the pathway 
appears to offer a promising approach for an effective treatment 
of leishmaniasis. 

In mammalian cells, cholesterol is either obtained by receptor- 
mediated uptake of plasma low-density lipoprotein (LDL) or by 
synthesis from acetyl-CoA through the sterol biosynthetic path- 
way. Each cell must balance the external and internal sources of 
cholesterol so as to ensure the biosynthesis of molecules produced 
by the isoprenoid pathway while avoiding sterol overload. 
Cholesterol homoeostasis is achieved through feedback regu- 
Jation of at least two enzymes of sterol biosynthesis, HMG-CoA 
synthase and HMG-CoA reductase, as well as by means of 
control of LDL receptors. The key rate-limiting enzyme, HMG- 
CoA reductase, catalyses the conversion of HMG-CoA into 
mevalonate, which is required for synthesis of a large family of 


compounds. These include cholesterol and isoprenoids such as 
haem A, ubiquinone, dolichol, isopentenyl tRNA, steroid hor- 
mones and other isoprenoid groups, which are covalently linked 
to growth-regulating proteins and oncogenic products [7]. 

HMG-CoA reductase is a soluble protein in prokaryotes 
[8-10] and in the parasitic protozoan Trypanosoma cruzi [11], 
while in all other eukaryotic organisms characterized the enzyme 
presents a variable N-terminal membrane domain and its sub- 
cellular location appears to be preferentially the endoplasmic 
reticulum [12]. This domain is necessary and sufficient for the 
regulated degradation of HMG-CoA reductase. Little is known 
about the nature and regulation of this enzyme in protozoa, 
while it has been studied extensively in mammalian cells. This 
regulation, which is mediated by sterols and non-sterol mevalo- 
nate-derived metabolites, is complex and occurs at many levels, 
including transcription, translation, protein degradation and 
protein phosphorylation [7]. 

In the current studies, we describe the isolation and charac- 
terization of HMG-CoA reductase from Leishmania major and 
also demonstrate that in this protozoan the enzyme lacks the 
membrane-domain characteristic of eukaryotic reductases. We 
examine the modulation of the soluble enzyme in promastigote 
forms of the parasite, showing that activity 1s not subject to 
regulation by mevalonic acid or medium sterols. 


EXPERIMENTAL 
Materials 


Restriction enzymes, T4 DNA ligase, Tag polymerase and the 
Klenow fragment of DNA polymerase were from Boehringer 
Mannheim. [a-**PJATP was from ICN Pharmaceuticals (Irvine, 
CA, U.S.A.). BSA, dithiothreitol (DTT), D,L-mevalonic acid 
lactone, ketoconazole and sodium phosphate were from Sigma. 


Abbreviations used CHEF, contour-clamped homogeneous electnc field, HMG-CoA, 3-hydroxy-3-methylglutary| CoA, /mhmgr gene, Leishmania 
major HMG-CoA reductase gene; LDL, low-density lipoprotein; DTT, dithiothreitol. 

1 To whom correspondence should be addressed (e-mall dgonzalez@ipb cslc es) 

The nucleotide sequence data reported here appear in the GenBank nucleotide sequence database under the accession number AAF 155593, 
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Leupeptin was purchased from Boehringer Mannheim. Lovasta- 
tin was supplied by Merck Sharp and Dohme. The pET 
expression system was from Stratagene. Oligonucleotides HMG1 
(5-АТСССМАТСААҮАТС-3”), HMG2 (5’-GTTBGCBGCV- 
TGBGCGTT-3’), HMG3 (5’-TCTGCGCTTCTCTGCCTTTA- 
3) and HMG4 (5’-TTACGGAGTCGGAGGCTT-3’) were syn- 
thesized in a Millipore ConSep LC500DNA synthesizer at the 
Analytical Services of the Instituto de Parasitologia y Bio- 
medicina ' López-Neyra', Granada, Spain. 


Cell culture 


L. major promastigotes were grown in tissue-culture flasks at 
28 °C in filter-sterilized 199 medium supplemented with either 
10 % heat-inactivated fetal calf serum (Gibco) or 10 % lipid-poor 
serum, which was prepared by the method of Kirsten and 
Watson [13]. The cultures were initiated at a cell density of 
5 x 10* cells: ml", and the drugs were added at a cell density 
of 1 x 10* cells: ml". Cell densities were determined by counting 
with a Coulter? Z1 counter. Lovastatin and D,L-mevalonic acid 
lactone were added from stock solutions in ethanol, the lactone 
rings of the drugs were hydrolysed by a 30-min incubation in 
0.2 M NaOH at 37°C, followed by neutralization with 0.2 M 
HCI. Ketoconazole was added as an aqueous solution titrated to 
pH 2 4 with HCI. 


Isolation of the L. major HMG-CoA reductase (/mhmgr) gene and 
DNA sequencing 


The hybridization probes for screenings were obtained by the 
PCR technique. A fragment of 303 bp of the /mhmgr gene was 
amplified, using the degenerate oligonucleotides НМСІ and 
HMG2 derived from highly conserved sequences of the catalytic 
domain, and used as hybridization probe for screening of a 
cDNA library. A PCR fragment of the Imhmgr gene was further 
obtained using the oligonucleotides HMG3 and HMG4, and 
used as a probe to screen the library of genomic DNA. The PCR 
reaction mixture (50 ul) contained 25 pmol of each of the two 
oligonucleotide primers, 500 ng of L. major genomic DNA, 
dNTPs each at 400 uM, 50 mM KCl, 10 mM Tns/HCI (pH 8) 
and 1.5 mM MgCI,. Amplification was initiated with 1.5 units of 
Taq polymerase. PCR parameters were 35 thermal cycles con- 
sisting of a l-min denaturation at 94°C followed by a 1-min 
annealing period at 45 °C and a 2-min extension at 72 °C. The 
genomic library constructed in AEMBL3 was replica plated on 
to nitrocellulose and screened as described in [14]. 

The 1solated AEMBL3 DNA was digested with restriction 
endonucleases and a 2.4-kb BamHI-Xhol fragment that hybn- 
dized to the PCR probe was ligated into pBSKS" and transformed 
into XL1-Blue Escherichia coli. The BamHi—Xhol insert was 
sequenced in an Applied Biosystems 373 DNA sequencer. 


Southern- and Northern-blot analyses 


Total genomic DNA from L. major was isolated from Leishmania 
by phenol extraction [15], digested with different restriction 
enzymes using the conditions recommended by the supplier. 
Endonuclease-cleaved DNA was electrophoresed on 0.8 % (w/v) 
agarose gels. The isolation of the poly(A)* RNA was accomp- 
lished with the QuickPrep® Micro mRNA purification kit (Phar- 
macia Biotech) mRNA samples were subjected to electrophoresis 
on 1% (w/v) agarose gels containing 1 x Mops buffer [20 mM 
Mops/0.08 M sodium acetate (pH 7.0)/1 mM EDTA] and 
6.29 95 (v/v) formaldehyde after the samples had been boiled for 
10 min in 50% (v/v) formamide/1 x Mops buffer/5.9 % -(v/v) 
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formaldehyde A 0.24—9 5-kb RNA ladder (Gibco) was used as 
a standard. The gels were transferred to a Hybond-N filter and 
hybridized with the probe containing the entire coding sequence 
of the /mhmgr gene obtained by PCR. All Southern and Northern 
blots were visualized by autoradiography. The f-tubulin gene 
from L. major was used for normalization of hybridization 
signals on Northern blots and the relative intensities of the bands 
were quantified by scanning densitometry. 

Low-melting-point agarose blocks were prepared as described 
in [16]. Chromosomes were separated on a 1% agarose gel in 
05 М Tris/borate/EDTA and 0.5 mg: ml! ethidium bromide 
using a CHEF (contour-clamped homogeneous electric field) 
electrophoresis system (Pharmacia) as described previously [17]. 
The resulting gel was transferred to a Hybond-N (Amersham) 
nylon filter and subjected to Southern-blot analysis [18] with the 
PCR-amplified /mhmgr gene as a probe 


Construction of expression system 


For expression in £. coli the entire coding sequence was amplified 
by the PCR technique. Oligonucleotide primers for amplification 
of the HMG-CoA reductase coding sequence were designed so 
that NdeI and BamHI restriction sites were introduced at the 5’ 
and 3’ ends for convenient cloning in the expression vector pET- 
llc to give pETLMHMG, which was cloned and propagated 
originally in XLIB. Double-stranded DNA sequencing was 
performed to confirm the correct sequence after amplification. 
Subsequently, pETLMHM С was used to transform the E. coli 
expression host BL21(DE3). Bacterial clones were grown in 
Luria-Bertani medium containing 50 mg: ml? ampicillin When 
induction was performed, bacterial cells transformed with 
pETLMHMG were first grown to an absorbance of 0 6 at 37 °С 
and then 1 mM isopropyl f-p-thiogalactoside was added; cul- 
tures were then grown for 6 h at. 37 °C, cells were collected by 
centrifugation and, when not used immediately, frozen at 
— 80 °С. 


Purification of L. major HMG-CoA reductase overexpressed 
In E. coli 


A frozen pellet from 11 of E. coli BL21(DE3)/pETLMHMG 
cells overexpressing L major HMG-CoA reductase was thawed 
at room temperature and resuspended in 20 ml of buffer A 
[100 mM. sucrose/20 mM Na, HPO, pH 6.75/10 mM DTT/ 
20 ug: ml! leupeptin/10 % (v/v) glycerol]. Cells were ruptured 
by sonication and centrifuged at 12000 g for 30 min at 4 °C. The 
supernatant was brought to 30% saturation with (NH,),SO,, 
maintained on ice, shaken occasionally for 20 min, and then 
centrifuged at 12000 g for 30 min The precipitate was discarded 
and the supernatant liquid was brought to 50% saturation with 
(NH,),5O,. The resulting precipitate was dissolved in 5 ml of 
buffer A and stored overnight at — 80 °C. The thawed ammonium 
sulphate fraction was applied to a column (1 cm x 20 cm; 9 mI) 
of hydroxyapatite Bio-Gel* НТР Gel (Bio-Rad) in buffer A. The 
column was washed with 25 ml of buffer A and the enzyme was 
eluted with а 300-ml gradient of 0—1.5 M NaCl in buffer A (3-ml 
fractions). Active fractions were combined and brought to 50% 
saturation with (NH,),SO,. The precipitate was desalted and 
stored at —80°C until use. Protein was determined by the 
method of Bradford [19] with BSA as a standard. In gel-filtration 
experiments, a Superdex® 200 HR 10/30 column attached to 
AKTA purifier 10 FPLC equipment (Pharmacia Biotech) was 
used. 
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Measurement of HMG-CoA reductase activity 


The activity of the enzyme was determined either by a radiometric 
assay as described previously [11] or by a spectrophoto- 
metric assay based on that described by Frimpong et al. [20]. 
Assays were performed in a final volume of 200 ul and contained 
150 mM NaPO,, pH 6.75, 75 mM NaCl, 10 mM DTT, 1 mM 
EDTA, 270 4M (R,S)-HMG-CoAÀ, 270 uM NADPH and 125 ng 
of recombinant enzyme. The kinetic parameters were determined 
in experiments where the non-varied substrate was kept at 
270 uM. NADH oxidation was assessed using two different co- 
factor concentrations (350 and 700 4M) and two different 
enzyme concentrations (625 and 2500 ng: ml“). The analysis of 
HMG-CoA reductase activity in L. major extracts was made 
using the radiometric assay. Leishmania promastigote cells were 
grown to exponential phase (16 x 10* cells- ml, collected by 
centrifugation, washed with PBS and resuspended in buffer A 
with protease inhibitors. Cells were ruptured by sonication, the 
resulting extract was clarified by centrifugation (12000 g, 15 min, 
4°C) and used as an enzyme source for determination of 
reductase activity. When the intracellular distribution of the 
enzyme was analysed, the 12000 g supernatant was centrifuged 
further at 105000 g for 60 min at 4 °C. The pellet was resuspended 
in buffer A with protease inhibitors, and both the pellet and the 
105000 g supernatant were used for determination of HMG- 
CoA reductase activity. Enzyme activity (1 unit) was defined as 
the amount of enzyme that converts 1 nmol of [*^C]HMG-CoA 
into ['*Clmevalonate/min per mg of protein. 

All activity measurements for the purification scheme and 
characterization of the enzyme were performed using the spectro- 
photometric assay at 340 nm in a Hewlett-Packard model 8452A 
diode array spectrophotometer. HMG-CoA reductase activity (1 
unit) was defined as the amount of enzyme that converts 1 «mol 
of NADPH into NADP* in 1 min/mg of protein. 


Western-blot analysis 


Polyclonal anti-L. major HMG-CoA reductase antibody was 
generated by immunizing rabbits with the purified protein. 
Promastigotes were lysed by sonication, and cell supernatants 
were prepared by centrifugation at 12000 g for 15 min. Protein 
(30 ug) was subjected to electrophoresis through an SDS-poly- 
acrylamide (12 95) gel and blotted on to Immobilon-P membranes 
(Millipore) at 25 V for 30 min, using a Semi-Dry Transfer Cell 
(Bio-Rad). Western-blot analysis of HMG-CoA reductase was 
performed with a 1:20000 dilution of the indicated antiserum, 
using anti-rabbit-IgG-conjugated alkaline phosphatase as the 
secondary antibody. Bound antibody was visualized with chro- 
mogenic substrates [14]. 


“4, А 


RESULTS 
Isolation of the Imhmgr gene 


The PCR probe was obtained by amplification of a fragment of 
the /mhmgr gene using as primers degenerate nucleotides comp- 
lementary to highly conserved regions contained within the 
soluble catalytic domain, and genomic L. major DNA as tem- 
plate. A PCR product of the expected size (303 bp) was identified 
that showed pronounced similarity to HMG-CoA reductases. A 
cDNA library constructed in AZAP Express was screened with 
the specific PCR probe (303 bp). One clone was selected that 
contained a 2.3-kb insert, although the 5' end of this cDNA was 
truncated and only 729 bp of the 3’ end of the /mhmgr gene were 
present. The complete coding sequence was obtained from a 
library of L. major genomic DNA constructed in AEMBL3 and 


screened with a PCR probe (691 bp) obtained from the cDNA 
sequence. Two positive plaques were carried through a tertiary 
screening, and one clone was selected for restriction mapping 
and further characterization. The clone contained a 13.5-kb 
BamHI-BamHI insert that possessed the complete coding region 
of the HMG-CoA reductase gene. A BamHI—-Xhol restriction 
fragment was identified that hybridized strongly with the PCR 
probe. This 2.395-kb segment was ligated into pBSKS" to give 
pHMG2.A and sequenced on both strands by using universal and 
synthetic primers. The complete coding sequence (1302 bp), 
together with 500 and 593 bases of the 5' and 3' flanking regions, 
respectively, was established. Prediction of the initiation codon 
was based on the comparison of the L. major sequence with the 
T. cruzi HMG-CoA reductase sequence and the identification of 
non-coding regions by codon-usage studies. The nucleic acid 
sequence is highly conserved between these protozoan parasites 
(62 % identity). The open reading frame presented a codon usage 
that correlated closely with that determined for other L. major 
genes Translation of the open reading frame of 1302 bp yielded 
a polypeptide of 434 residues with an estimated molecular mass 
of 45953 Da. The amino acid sequence was aligned with the 
sequences of 7. cruzi, human, yeast, Arabidopsis thaliana, Halo- 
ferax volcanii and Pseudomonas mevalonii (Figure 1). The Imhmgr 
gene encoded for a protein similar to 7. cruzi HMG-CoA 
reductase (80 % similarity), that lacks the membrane N-terminal 
domain characteristic of other eukaryotic enzymes. 


Northern-blot analysis and genomic organization of the HMG-CoA 
reductase gene 


A Northern blot of poly(A)* RNA extracted from the pro- 
mastigote form of the parasite was performed by using the 
imhmgr gene as a probe. The analysis indicated a transcript size 
of 4.4 kb. A prolonged exposure of the autoradiogram did not 
reveal any additional bands. 

Genomic DNA from L. major cells was digested with different 
endonucleases, blotted and hybridized with the HMG-CoA 
reductase gene probe. Digestions with enzymes that cut at sites 
not contained within the coding region of the HMG-CoA 
reductase gene gave single bands, whereas.two bands were 
obtained with enzymes with unique restriction sites in the coding 
region, therefore suggesting that the gene 1s of single copy. 

The chromosomes of Leishmania range in size between 200 
and 2000 kb [21] and can be resolved by CHEF electrophoresis. 
The Leishmania HMG-CoA reductase probe was used to 
hybridize a filter replicate of chromosomes of L. major under 
conditions that favoured the separation of larger chromosomal 
bands As shown ш Figure 2, HMG-CoA reductase sequences 
were located on а single chromosome of 1.4 Mb 


Purification and kinetic analysis 


Table 1 summarizes the results of a typical purification. The 
enzyme was purified approx. 6-fold and represented 28 % overall 
recovery of activity. The HMG-CoA reductase preparation 
finally obtained had a specific activity of 32.9 units: mg !. Enzyme 
purity was judged homogeneous by SDS/PAGE (Figure 3). The 
single band present on the gel had an apparent molecular mass 
of 46000 Da, a value in agreement with the DNA-derived protein 
sequence of HMG-CoA reductase. The molecular mass of the 
native purified protein was estimated, by exclusion chroma- 
tography, to be 184585 Da, a value consistent with a tetrameric 
subunit organization. Optimal activity of Leishmania HMG- 
CoA reductase was observed in the range of pH 5.7-7 K,, values 
for the overall reaction were 40.3 +5 8 uM for (R,S)-HMG-CoA 
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The deduced amino acid sequence of / major HMG-CoA reductase 15 compared with the sequences of the 7rypanosoma cruzi (Teruz, complete sequence), human (residues 383—888), yeast (yeast 
ibitor with respect to HMG-CoA with a K, of 1.83+0.005 nM. 


Figure 1 Comparison of the deduced amino acid sequence of L. major with other reductases 
units‘-mg7!. No activity was detectable when NADH was used 


and 81.44-5.3 uM for NADPH, and the V... was 33.55 + 1.8 
cofactor and enzyme were used. Lovastatin was a competitive 
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Figure 2 Chromosomal localization of the /mhmgr gene 


(A) Ethidium bromide-stained gel. Lane 1, Saccharomyces cerevisiae as molecular-mass marker 
chromosomes; lane 2, L. major chromosomes. (B) Autoradiograph of a nylon transfer of the 
gel shown in (A) probed with the °*P-labelled /mhmgr probe. 


shown in Table 2, L. major reductase specific activity in 105000 g 
supernatant was 6.5-fold that obtained in the pellet or “mem- 
brane’ fraction. When the total activity recovered in each fraction 
was calculated, 92 *;, of the total enzyme activity was located in 
the supernatant. Similar results were found with T. cruzi [11]. 
in contrast with what has been observed in other eukaryotic cells. 


Modulation of HMG-CoA reductase activity by mevalonate-derived 
products 


The regulation of HMG-CoA reductase in mammalian cells has 
been revealed through the use of potent reductase competitive 
inhibitors, such as lovastatin and compactin. In cultured cells, 
they block the synthesis of mevalonate and trigger adaptive 
reactions that result in increases in reductase protein within a few 
hours. The increase in enzyme can be reversed by incubating 
compactin-treated cells with mevalonate. Large amounts of 
mevalonate suppress reductase activity by nearly 99°, [22.23]. 
To study the modulation of HMG-CoA reductase in 
Leishmania, we incubated L. major promastigotes with lovastatin, 
at concentrations near the EC,, of the inhibitor, and/or 
mevalonate. As shown in Table 3, the activity of HMG-CoA 
reductase was increased about 2- and 3-fold in promastigotes 
treated for 10 h with 40 and 80 4M lovastatin respectively. In the 
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Figure 3 Purification of L. major HMG-CoA reductase 


An SDS/polyacrylamide gel was stained with Coomassie Brilliant Blue. Lane 1, solubie extract 
BL2T(DEAV/pETLMHMG; lane 2, ammonium sulphate 30—50% precipitate: lane 3, hydroxy- 
apatite fraction; lane 4, ammonium sulphate 50% precipitate. 


Table 2 Distribution of HMG-CoA reductase activity in L. major extracts 


S12 refers to the whole supernatant obtained after sonication and centrifugation at 12000 g for 
15 min, S105 and P105 refer to the supernatant and pellet, respectively, obtained after 
centrifugation of $12 at 105000 g for 60 min. Values are the means of four determinations. 5.0. 
values did not exceed 8% of the mean value. 
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Specific activity Tota! activity 
kj 4 


Fraction (nmol: min" mg") (nmol min’ `} 
512 8.87 77.22 
5105 1173 59.23 
Р105 1.82 542 





presence of both mevalonate and lovastatin, the activity was 
comparable with that of control cells. The changes in HMG- 
CoA reductase activity were associated with changes in the 
amount of reductase protein, as determined by immunoblot 
analysis (results not shown). Protein levels were increased 2—3- 
fold in cells grown in the presence of 40 and 80 4M lovastatin. 

We determined whether HMG-CoA reductase was regulated 
by exogenous mevalonate, a modulator of the mammalian 
enzyme. When L. major promastigotes were grown with different 
concentrations of mevalonate for 12 h, reductase activity was not 
suppressed significantly (Table 3). Similar results were seen when 
the cells were treated with mevalonate for different times of 
incubation. 

To examine further whether activation of the HMG-CoA 
reductase by lovastatin and reversal by mevalonate were asso- 
ciated with levels of reductase mRNA, Leishmania promastigotes 








Table 1 Purification summary of recombinant HMG-CoA reductase 
Total activity Total protein Specific activity Enrichment Yield 
Fraction (units) (то) (units - mg" ') (О) (%) 
Soluble extract 830.0 147.84 561 10 100 
Ammonium sulphate 554.11 55.86 9.92 176 56.7 
(30-5095) 
Hydroxyapatite 408.5 2515 16.24 2.89 49.2 
Ammonium sulphate 233.54 71 32.9 5.86 28.1 
(50%) 
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Table 3 Regulation of HMG-CoA reductase activity in Leishmania by 
lovastatin and mevalonate 


A series of cultures were incubated with lovastatin and/or mevalonate for 10-12 f. Сей 
suspensions were harvested, washed and incubated tor 1 h with fresh medium to minimize the 
possibility of interference by residual lovastatin or mevalonate with reductase activity. Values 
are the means of four determinations. S.D. values did not exceed 8% of the mean value. The 
experiment was repeated twice with similar results. 


HMG-CoA reductase 
activity (пто тїп «mg ^) 


Addition 


Lovastatin (М) 





0 479 
40 8.18 
80 12.68 
80 -- Mevalonate (10 mM) 443 
Mevalonate {mM} 
0 403 
9 3.86 
10 3.26 
20 3.1 
A 





60 
40 


HMGR/B—tubulin 


Figure 4 Analysis of HMG-CoA reductase mRNA in Leishmania treated 
with lovastatin (80 uM) and/or mevalonate (10 mM) 


Northern-blot analysis of the Leishmania HMG-CoA reductase (A) and the ирип (B) 
transcripts with “*P-labelled specific probes. Approx. 7 4 of poly(A)” RNA were subjected 
to electrophoresis on the get before transfer to nylon. Lanes 1, contro! celis; lanes 2, L. major 
grown in presence of lovastatin and mevalonate: lanes 3 and 4, cells grown in presence of 
lovastatin and mevalonate, respectively, The graph shows the ratio between the density of the 
bands corresponding to the HMG-CoA reductase and the @-tubulin transcripts. Control cells 
were set af a ratio of 100%. HMGR, HMG-CoA reductase. 


were grown in the presence of lovastatin and/or mevalonate and 
poly(A)” RNA was prepared for hybridization analysis. As 
shown in Figure 4, no variations were seen in the levels of a 
specific HMG-CoA reductase transcript. 
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Table 4 Modulation of HMG-CoA reductase activity in Leishmania by 
availability of exogenous sterols and ketoconazole 


To analyse the influence of lipoproteins on Leisfmania reductase activity, promastigote forms 
were grown in medium containing 10% complete serum. After washing, cells were incubated 
in medium supplemented with 10% complete serum or 10% lipoprotein-poor serum for 24 h. 
Cells were treated with ketoconazole for 24 h in medium containing 10% complete serum. 
Values are the means of four determinations. S.D. values did not exceed 855 of the mean value 


HMG-CoA reductase 
Addition activity (пто min" отд) 
Complete serum 6.44 
Lipoprotein-poor serum 


Ketoconazole {и М) 


0 8.81 
0.5 10.93 
1.0 13.38 
t5 КЕ 





Regulation of HMG-CoA reductase activity by availability of 
exogenous and endogenous sterols 


In the absence of LDL, mammalian cells maintain high reductase 
activity whereas, when LDL is present, HMG-CoA reduc- 
tase activity declines by more than 90°, and cells produce only 
the small amounts of mevalonate needed for non-sterol end- 
products [24]. To analvse the effect of serum sterols on reductase 
activity, log-phase promastigotes were harvested, washed and 
incubated for 24 h in medium supplemented with complete or 
lipoprotein-poor serum. As shown in Table 4, no differences 
were observed in cells grown in the presence of lipoprotein-poor 
serum. Similar results were obtained when promastigotes were 
adapted to grow in deficient medium. Consequently, serum sterol 
does not appear to be a regulator of the Leishmania enzyme, as 
occurs in mammalian cells. 

Finally, we exploited. ketoconazole as a tool to study the 
regulation of HMG-CoA reductase. This drug blocks ergosterol 
biosynthesis at the level of the cytochrome P450-dependent 14a- 
demethylation of lanosterol. In promastigote forms treated with 
different concentrations of ketoconazole for 24h, reductase 
activity was increased by nearly 55°, (Table 4). Similar effects 
were seen when cells were incubated for different time periods 
with ketoconazole (1 4M). The activation of the enzyme was 
associated with a parallel change in the amount of HMG-CoA 
reductase protein, as determined by Western-blot analysis (results 
not shown). 


DISCUSSION 


In the current paper we describe the isolation and characterization 
of the /mhmgr gene. The deduced amino acid sequence of the 
Leishmania enzyme was compared with other HMG-CoA re- 
ductases. Alignment analysis and hydrophobicity plots show 
clearly that the enzyme lacks the membrane N-terminal domain 
characteristic of eukaryotic enzymes. The shorter polypeptide 
encoded by /mhmgr exhibits pronounced similarity (8095) to the 
T. cruzi protein and all of the conserved residues involved in 
catalysis or binding identified in other HMG-CoA reductases are 
present in the L. major enzyme. The absence of a membrane- 
spanning domain and the existence of protease-sensitive re- 
ductase activity in the 105000 g supernatant firmly support that 
L. major HMG-CoA reductase is a soluble enzyme. The indi- 
cations of a soluble reductase in Leishmania add to the ob- 
servation that T. cruzi also lacks а membrane-spanning domain 
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and that activity is located in the cellular soluble fraction [11] and 
suggest that this feature ıs a common characteristic of the 
Trypanosomatidae family. Recently, Concepcion et al. have 
reported that the 7. cruzi enzyme is soluble and that activity is 
associated mainly with the glycosomal subcellular fraction [25]. 
However, HMG-CoA reductase from T. brucei, another try- 
panosomatid, has been described as microsomal [26], which 
would contrast with what we have observed ın two closely related 
protozoa. HMG-CoA reductase appears to be of single copy in 
both T, cruzi and Leishmania and Northern blots suggest the 
existence of only one transcript species. Therefore the existence 
of membrane-bound isoforms is highly improbable. More likely, 
the microsomal activity is unique to 7. brucei or was an artifact, 
since in this organism reductase activity was two orders of mag- 
nitude lower than the values obtained in the present study. The 
gene coding for HMG-CoA reductase from T. bruce: has not 
yet been characterized. The availability of recombinant enzyme 
will allow for more detailed cellular studies that would aid in 
establishing the definite location of the enzyme ш Leishmania. 

The purification procedure allowed for the production of 
highly purified protein available for structural and enzymological 
studies. Enzyme was relatively stable as an ammonium sulphate 
precipitate and could be stored as such for several weeks at 
— 80 °C. The availability of highly stable homogeneous protein 
wil allow for both structural and functional studies. In this 
sense, kinetic properties of protozoan reductase seem to resemble 
those of the mammalian enzyme (52 % identity with the human 
enzyme); however, the lack of a membrane domain is unique to 
this kind of organism The kinetic characterization of L. major 
HMG-CoA reductase showed that the K,, for NADPH was 
similar to those previously reported for other NADPH-dependent 
reductases. However, the К, for HMG-CoA was one order of 
magnitude higher than the value described for the human enzyme 
[27] and the affinity for lovastatin was therefore 20000 times 
higher than its affinity for the natural substrate HMG-CoA 

When the molecular mass was estimated by gel-filtration 
experiments the value obtained was 184585 Da, suggesting that 
L. major HMG-CoA reductase is a tetramer, similar to what has 
been described in the case of the radish seedlings enzyme [28] and 
the recently described catalytic portion of the human enzyme 
[29] 

We have analysed some of the mechanisms involved in the 
regulation of Leishmania reductase. HMG-CoA reductase ac- 
tivity was clearly increased in promastigotes incubated with 
lovastatin. Inhibition of growth rate and activation of enzyme 
activity mediated by lovastatin was reverted by mevalonate, 
suggesting that exogenous mevalonate is capable of satisfying the 
cell requirements for non-sterol, mevalonate-derived substances 
that are vital for diverse cellular functions. The lovastatin- 
mediated increase in HMG-CoA reductase activity was asso- 
clated with a increase in the amount of protein, as determined by 
Western-blot analysis, although no vanations were determined 
in the levels of reductase mRNA. In Leishmania, control of gene 
expression is generally achieved through post-transcriptional 
regulation [30]. Our data indicate that the increase in activity is 
attributable solely to an increase in the amount of enzyme 
without paralle] changes in mRNA levels; which would agree 
with what has been observed previously for the control of 
expression of other genes їп this organism. 

The lack of a membrane-spanning domain might account for 


absence of mevalonate-mediated suppression of HMG-CoA: 


reductase activity. Studies on the mammalian enzyme have 
shown that the membrane domain is essential for sterol- and 
non-sterol-mediated degradation [31,32]. Apparently, Leish- 
: mania HMG-CoA reductases a very stable protein and is not 


Subjected to degradation regulatory mechanisms. Coppens et al. 
[26] have reported in T. brucei that HMG-CoA reductase activity 
1s decreased 2-fold in cells 1ncubated with mevalonate. However, 
the present study performed measuring soluble enzyme activity 
shows that the Leishmania enzyme is not down-regulated by the 
addition of exogenous mevalonate. 

Serum sterols have no effect upon L major HMG-CoA 


. reductase. A plausible explanation is that Leishmania lacks the 


ability to synthesize cholesterol de novo from mevalonate [3], 
thus this sterol is not a physiological regulator of the enzyme. 
Moreover, when ergosterol biosynthesis was inhibited by keto- 
conazole, HMG-CoA reductase activity was increased. Previous 
studies in Leishmania demonstrated that this drug causes ac- 
cumulation of abnormal sterols with а 14a-methyl group [3]. 
Since ketoconazole 1s a cytochrome P450 inhibitor, the possibility 
exists that the drug prevents suppression of reductase activity 
from L major by inhibiting a cytochrome P450-dependent 
formation of endogenous oxysterols. Alternatively, the activation 
of the enzyme could be caused by inhibition of the synthesis of 
end-products of the sterol metabolism, such as ergosterol. The 
ketoconazole-mediated increase in HMG-CoA reductase activity 
was associated again with an increase in the amount of protein. 

In summary, Leishmania HMG-CoA reductase is up-regulated 
when sterol synthesis is inhibited by drug pressure and this 
activation is apparently performed via post-transcriptional con- 
trol. The lack of sensitivity to mevalonate and sterols is consistent 
with the absence of a membrane domain and may be a conse- 
quence of unique biological properties of the 1soprenoid bio- 
synthetic pathway in protozoa. Trypanosomatids are early- 
branching eukaryotic cells and their cell organization differs 
considerably from that of mammalian cells. Specific features 
present in trypanosomatids but absent from their hosts may be 
exploitable in providing targets for rational drug design. Studies 
are currently underway to determine the exact intracellular 
localization of reductase as well as the characteristics of other 
enzymes involved in this metabolic route. 
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A major pathway of nitric oxide utilization in mitochondria is its 
conversion to peroxynitrite, a species involved in biomolecule 
damage via oxidation, hydroxylation and nitration reactions. In 
the present study the potential role of mitochondrial ubiquinol 
ш protecting against peroxynitrite-mediated damage is examined 
and the requirements of the mitochondrial redox status that 
support this function of ubiquinol are established. (1) Absorption 
and EPR spectroscopy studies revealed that the reactions in- 
volved in the ubiquinol/peroxynitrite interaction were first-order 
in peroxynitrite and zero-order in ubiquinol, in agreement with 
the rate-limiting formation of a reactive intermediate formed 
during the isomerization of peroxynitrite to nitrate. Ubiquinol 
oxidation occurred in one-electron transfer steps as indicated by 
the formation of ubisemiquinone. (2) Peroxynitrite promoted, in 
a concentration-dependent manner, the formation of superoxide 
anion by mitochondrial membranes. (3) Ubiquinol protected 


against peroxynitrite-mediated nitration of tyrosine residues in 
albumin and mitochondrial membranes, as suggested by ex- 
perimental models, entailing either addition of ubiquinol or 
expansion of the mitochondrial ubiquinol pool caused by selective 
inhibitors of complexes ПІ and IV. (4) Increase in membrane- 
bound ubiquinol partially prevented the loss of mitochondrial 
respiratory function induced by peroxynitrite. These findings are 
analysed in terms of the redox transitions of ubiquinone linked 
to both nitrogen-centred radical scavenging and oxygen-centred 
radical production. It may be concluded that the reaction of 
mitochondrial ubiquinol with peroxynitrite is part of a complex 
regulatory mechanism with implications for mitochondrial func- 
tion and integrity. 


Key words: cytochrome oxidase, nitric oxide, superoxide anion, 
superoxide dismutase. 





INTRODUCTION 


The effects of "NO on the regulation of mitochondrial O, uptake 
are of importance for pathological conditions associated with 
increased levels of "NO [1]. The intramitochondrial steady-state 
concentration of "NO ranges from 20—500 nM depending on, on 
the one hand, the sources of "NO related to the activities of nitric 
oxide synthase (NOS) isoforms [mitochondrial (mtNOS), en- 
dothelial (eNOS), neuronal (nNOS) and inducible (INOS)] and, 
on the other, the mitochondrial pathways for "NO utilization 
(Scheme 1). These involve reductive and oxidative decay mech- 
anisms [2]. The former encompasses a general reduction of *NO 
to the nitroxyl anion (NO~) and occurs at the expense of electron 
donation, mainly from ubiquinol [3] and, to a lesser extent, from 
cytochrome c [4] and cytochrome oxidase [5]. The latter, the 
oxidative decay mechanisms, involve the reaction of "NO with 
О, to yield ONOO:", a reaction that takes place at diffusion 
controlled rates (К = 1.9 x 10!? M^! -s7) [6]. 


The reductive and oxidative decay pathways of "NO im 
mitochondria (under conditions entailing an expanded ubiquinol- 


pool) are linked to the redox transitions of ubiquinone [2]; 
reduction of "NO by ubiquinol generates ubisemiquinone (eqn. 
1), which decays by autoxidation to generate O, (eqn. 2); the 
rapid reaction of the latter with ‘ЗО leads to ONOO™ generation 
(eqn. 3): 


"NO 4-UQH- + NO7 -UQ- - H* (1) 
UQ---0, 2 UQ--0,7 (2) 
O,7--NO + ONOO- (3) 


where ПОН” is ubiquinol, UQ’" is ubisemiquinone, and UQ is 
ubiquinone. 

In agreement with these notions, it was observed that in 
respiring mitochondria "NO decays largely through ONOO^ 
formation [2], and that diaphragm mitochondria undergo loss of 
integrity and function associated with protein nitration after 
exposure to increased endogenous "NO and ONOO: production 
[1]. Furthermore, the implications for removal of "NO (eqn. 3) 
are twofold: on the one hand, it releases cytochrome oxidase 
inhibition and, onthe other hand, it leads to ОХОО” formation. 

In spite of its short half-life, peroxynitrite reacts with a wide 
range of biomolecules, such as proteins [7], nucleotides [8], lipids 


' [9] and antioxidant molecules [10,11]. 3-Nitrotyrosine, a finger- 


print of peroxynitrite reactivity towards tyrosine residues in 
proteins, has been found in physiological and pathological 
conditions [12,13]. Considering that mitochondrial membranes 
are permeable to ‘NO and impermeable to О, and that NO in 
mitochondria decays largely via ONOO- formation: it seems 
pertinent to define physiologically-relevant mitochondrial mech- 
anisms of protection against ONOO--mediated damage. In this 
context, the role of ubiquinol as an antioxidant gains significance 


Abbreviations used: NOS, nitne oxide synthase, DTPA, diethylenetriaminepenta-acetic acid, UQ,, 2,3-dimethoxy-6-methyl-1,4-benzoquinone, UQ,, 


decylubiquinone, ЈО, ubiquinone-50. 
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ЏОН”, ubiquinol, c?*, ferrocytochrome c, a,*, reduced cytochrome oxidase Explanations are given іп the text eNOS, endothalral NOS; INOS, inducible NOS, mtNOS, mitochondrial NOS, nNOS, 


neuronal NOS 


in view of its ubiquitous distribution and its effective recovery by 
electrons channeled through mitochondrial complexes I and II. 
Hence, the goals of thus study were to characterize the potential 
reaction of ubiquinol with ОМООУ, examine the mitochondrial 
redox conditions favouring such a reaction, and to establish a 
role for ubiquinol ın protection against ONOO -mediated nitra- 
поп processes. 


MATERIALS AND METHODS 
Chemicals and biochemicals 


2,3-Dimethoxy-6-methyl-1,4-benzoquinone (UQ,), decylubiqui- 
none, and ubiquinone-50 (Q,,), diethylenetriaminepenta-acetic 
acid (DTPA), H,O,, NaNO,, KBH,, NaCN, myxothiazol, anti- 
mycin A, fatty acid-free BSA and superoxide dismutase were 
from Sigma Chemical Co. (St. Louis, MO, U.S.A.). Acrylamide 
solutions, nitrocellulose membranes and goat anti-rabbit IgG 
were from Bio-Rad (Hercules, CA, U.S.A.). Specific anti-nitro- 
tyrosine polyclonal antibody was a gift from Dr. Alvaro Estevez 
(University of Alabama at Birmingham, AL, U.S.A) All other 
reagents were of analytical grade. 

Peroxynitrite was synthesized in a quenched flow reactor from 
0.7M NaNO, and 0.7M H,O, and stabilized with 1.2 M 
NaOH, as described previously [14]. H,O, was removed by 
adding granular MnO, The solution was frozen at —70 °C. 
Peroxynitrite, concentrated in the yellow top layer was collected 
and its concentration was determined spectrophotometrically 
(644, = 1.67 mM": cm?) [14] 

Chemical reduction of either UQ, or UQ, was obtained upon 
addition of 404l of KBH, (0.5 M dissolved in 0.1 M NaOH) to 
l ml of 20 mM quinone dissolved in either water (UQ,) or 
ethanol (UQ,); excess KBH, was removed by treatment with 
HCI [15]. Ubiquinol solutions were purged with argon for 5 min 
in a sealed flask. 


isolation of rat liver mitochondria, preparation of 
submitochondrial particles, and determination of 
ubiquinone content 


Rat liver mitochondria were isolated in 0 23 M mannitol/70 mM 
sucrose/1 mM EDTA/10 mM Tris/HCl, pH 7.3, as described 
previously [16]. Submitochondrial particles were prepared from 
frozen and thawed liver mitochondria (20 mg protein/ml) placed 
in a small beaker in an ice bath, and disrupted by sonication for 
three 10 s periods with 30 s intervals at an output of 40 W using 
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a Model W-225R sonifier (Heat Systems/Ultrasonics, Chicago, 
IL, U.S.A.) [17]. The submitochondnal particles were washed 
three times and resuspended in the above buffer at a concentration 
of 10 mg protein/ml. All operations were performed at 0-4 ?C. 

Increase in the steady-state level of endogenous ubiquinol was 
achieved by supplementing submitochondrial particles with suc- 
cinate in the presence of complex III/IV inhibitors: antimycin A 
was used as a complex III inhibitor at the site of cytochromes 
basse Dyxothiazol was used as a complex Ш inhibitor at 
the Rieske Fe-S protein [18], and cyanide as a cytochrome 
oxidase inhibitor. Increase in the membrane ubiquinone pool 
was achieved by incubating submitochondrial particles (2.5 mg/ 
ml) with various amounts of UQ, for 30min in 100 mM 
phosphate buffer, pH 7.4, at 30 °C; reduction of added UQ, was 
accomplished upon supplementation of the membranes with 
6 mM succinate and 2.4 uM myxothiazol 

Rats were injected intramuscularly with a single dose of 
ПО (20 mg/kg) suspended in aqueous soybean lecithin (1:1, 
v/v) Animals were killed 16h after injection. Ubiquinone 
content ın mitochondria (isolated as described above) was 
determined after extraction with cyclohexane/ethanol (5:2, v/v) 
(6 mg of mitochondrial protein/ml and 7 ml of cyclohexane/ 
ethanol) [19]. Total ubiquinone content was calculated using the 
molecular absorption coefficient for the difference in absorption 
of the oxidized and reduced (obtained after addition of 0.2 mg 
KBH,) forms of ubiquinone (&,—6€,,) at A (Ae = 12. 
25 mM !-cm ?) [20]. 


Absorption spectroscopy 


Ubiquinol spectral changes were followed using a Hitachi U- 
3000 spectrophometer (Hitachi Co. Ltd., Tokyo, Japan) ın the 
220—340 nm range (€z = 13.8 mM !- cm !) [21]. The effect of 
UQ,H, on the rate of peroxynitrite decomposition was assessed 
in a stopped-flow spectrophotometer (Applied Photophysics 
SF.17MV) with dead time of < 2 ms. The temperature was 
maintained at 37 0+0.1 °C. A wavelength of 304 nm was used to 
minimize interference of UQ,H, or UQ, absorbance. Changes in 
pH because of the addition of acidic solutions of UQ,H, were 
counteracted by adding NaOH, and the pH was measured after 
the reactions. To monitor the effect of decomposition products 
of KBH, present in UQ,H, solutions, peroxynitrite was mixed 
with control solutions prepared in the absence of UQ,H,. To 
prevent the reaction of UQ,H, or semiquinone radical with 
oxygen, the solutions were degassed with argon for 15 min before 
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mixing in the stopped-flow spectrophotometer Apparent rate 
constants were determined by non-linear least-squares fitting of 
stopped-flow data to a single exponential function using the 
software provided with the instrument. The values reported are 
the average of at least seven determinations. O," production by 
rat liver submitochondrial particles was measured by superoxide- 
dismutase-sensitive cytochrome c reduction (e,,, = 21.1 mM: 
cm}, as described previously [22]. 


EPR spectroscopy 


EPR spectra were recorded on a Bruker ECS 106 spectrometer 
(Bruker Analytik GmbH, Rheinstetten, Germany) equipped with 
a TM 8810 microwave cavity. Measurements were carried out at 
room temperature at a microwave frequency of 9.80 GHz and 
100 kHz field modulation. Continuous-flow EPR measurements 
were performed with argon-purged solutions of ONOO" (400 uM 
in 10 mM NaOH) and UQ,H, (400 um in 200 mM phosphate 
buffer, pH 7.4) mixed before the cavity at a flow rate of 7 ml/min. 


_ Immunoblotting and nitrotyrosine detection 


BSA or submitochondrial particles (20 ug or 25 ug/lane re- 
spectively) were separated by electrophoresis on precast SDS 
7.5% polyacrylamide gel and transferred on to a PVDF mem- 
brane. The membranes were incubated with a rabbit anti-3- 
nitrotyrosine polyclonal antibody (1:2000) and blotted with a 
goat anti-rabbit IgG (1:3000) conjugated to alkaline phosphatase 
(Bio-Rad) followed by detection of immunoreactive proteins by 
a chemiluminescence method. BSA, exposed or not to 1 mM 
ONOO-, was used as control. 


RESULTS 
Ubiquinol oxidation by peroxynitrite 


Absorption spectral analysis of an anaerobic solution of UQ,H, 
in the UV (220—340 nm) region revealed a maximum at 294 nm 
(Figure 1A). Addition of ОМОО- (45 uM pulses) resulted ш a 
progressive increase in absorption at 268 nm with isosbestic 
points at 232 and 289nm, spectral changes ascribed to 


„= ubiquinone formation. The amount of ubiquinol oxidized was 


linearly related to the amount of ONOO™ added, up to a ratio of 
[ONOO /[UQ,H,] ~ 4; beyond this value, the amount of per- 
oxynitrite required to obtain total ubiquinol oxidation did not 
follow a linear relationship. The amount of ubiquinol oxidized 
represented 22% of ONOO™ added for the first three pulses 
(Figure 1B). 

As observed in the time-dependent spectra shown in Figure 
2(A), ONOO™~ decomposition in the presence of ubiquinol was 
accompanied by an increase in absorbance in the 400—450 nm 
region, due to quinol oxidation. However, the rate of ОМОО- 
decomposition (0.86+0.02 s-t; Figure 2B) was not increased in 
the presence of ubiquinol (0.82 +0.03 s! ; Figure 2C). 

The kinetic pattern in Figure 1 and the time courses in 
Figure 2 indicate that the reactions involved in the ONOO"/ 
UQ,H, interaction are first-order in ONOO™ and zero-order 
in UQ,H,. This is in agreement with the rate-limiting formation 
of a reactive intermediate formed during the isomerization of 


-""ONOO: to NO, (eqns. 4-6): 


ONOO---H* ^ ONOOH (4) 
ONOOH > [HO" --NO,] (5) 
[HO + NO] 2 H*-- NO, (6) 


This intermediate, which is capable of nitration, hydroxylation 
and oxidation, may decompose via homolytic O-O bond cleavage 
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Figure 1 Oxidation of ubiquinol by peroxynitrite 


(A) UV absorption spectrum Conditions used anaerobic solubon of 45 aM UQ,H, in 100 mM 
sodium phosphate buffer, pH 7 4, containing 1 mM DTPA was supplemented with various 
amounts of peraxynitnte (45 uM pulses) (B) Dependence of ubiquinone formaton upon 
peroxynitmts concentration Data were obtained from the Asa shown In (A) 


to yield НО” and NO,’ (eqn. 5); the recombination of these two 
radicals can result in NO, formation (eqn. 6) [23-28]. The 
experiments in Figures 1 and 2 were carried out in argon-purged 
solutions, thereby ruling out a role for reactive intermediates 
originating from the reaction of ONOO'" and CO,. 


Formation of ublsemiquinone during the oxidation of ubiquinol by 
peroxynitrite 


The oxidation of ubiquinol by the above mentioned reactive 
intermediate is expected to proceed in one-electron transfer 
steps; this notion is strengthened by the detection by continuous 
flow EPR of a signal [hyperfine splitting constants: a? (3H) = 
2.14 G, ай (1H) = 1.72 G; line intensity ratio: 13.5:5:3:1] 
ascribed to ubisemiquinone formed during the interaction of 
UQ,H, and ONOO in anaerobic conditions (Figure 3A) (eqn. 


HO" 4-"NO, + UQH- + HO- - NO, 4-UQ^7 - H* (7) 
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Figure 2 Time-course traces of ONOO™ decomposition 


(A) Time-dependent spectra obtained for ONOO™ decomposition in the presenca of ШОН, 
ONOO- (1 mM) was mixed with 0.1 M phosphate buffer, pH 7.37, containing 0 1 mM DTPA 
in the presence of 1 mM UQ,H, The time span between consecutive spectra was 346 ms The 
solutions were degassed with argon for 15 min before mixing (B, C). Time courses of ONOO" 
spontaneous decomposition ONOO (0 1 mM) was mixed with 0.1 mM phosphate bufler 
(pH 7 37) (B) containing 0.1 mM DTPA at 37 °C, in the absence (B) or presence (б) of 5 mM 
UQ,H, The solutions were degassed with argon for 15 min before mixing 


The EPR signal was short lived in experiments where continuous 
flow was not used, probably due to the decay of the ubisemi- 
quinone by disproportionation (eqn. 8): 


UQ~ + UQH’ 2 UQ + UQH- (8) 


where UQH- is ubiquinol, UQ" 1s ubisemiquinone, and UQ is 
ubiquinone. The rate of eqn. (7) is expected to be fast, assuming 
HO’ or NO,’-like chemistry of the intermediate. For example, 
the second-order rate constant for the reaction of benzohydro- 
quinone with HO‘ and NO, is > 10° M= -s> апа ~ 5 x 10° М: 
s ! respectively [29]. The rate of eqn. (8) depends on the relative 
concentrations of the anionic (UQ*) and protonated (ООН?) 
forms of the semiquinone and, at pH 7.4, it occurs with a second- 
order rate constant of ~ 8 x 10* M^! s^! [30]. 


Peroxynitrite-dependent ubiquinol oxidation and superoxide anion 
formation 


The formation of ubisemiquinone during the oxidation of 
ubiquinol by peroxynitnte (Figure 2; eqn. 7) suggests an addi- 
tional source of O,~ in mitochondrial membranes upon 
autoxidation of the ubisemiquinone (eqn. 9): 


ЧОТ +0, + UQ+0," (9) 


Accordingly, under conditions entailing an enhanced level of 
endogenous ubiquinol in mitochondrial membranes (submito- 
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Figure 3 ONOO -mediated ubisemiquinone formation 


(A) Continuous-flow EPR spectrum of 00," Solutions of 400 uM UQ,H, and ONDO" (in 
10 mM NaOH) in argon-purged 0.2 M phosphate buffer, pH 7.4, were mixed at a flow rate of 
7 ml/min. (B) Simulated spectrum of (А) Instrument settings’ modulation amplitude, 0.983 G, 
modulation frequency, 50.0 kHz, microwave power, 31.7 mW, sweep width, 30 G, sweep rate, 
18 G/min, conversion time, 163.64 ms 
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Figure 4 ONOO -dependent 0,~ generation by submitochondrial particles 


Assay conditions: submitochondnal particles (0 05—0.2 mg protein/ml) in 0 1 M phosphate 
butfer, pH 7.4, were supplemented with 6 mM succinate and 2.4 uM myxothrazol The reaction 
was initiated by the addition of 1 4M ONOO™ inset effect of varying concentrations of ONOO 
on 0,."~ generation Assay conditions * submitochondnal particles (0.1 mg protein/ml) In 0.1 M 
phosphate buffer, pH 7.4, were supplemented with 6 mM succinate and 2.4 uM myxothiazol 
in the presence of vanous amounts of ONGO™ White bars, (0, „ъа (£M), black bars, 
d[0,7 d! (uM/min). 


chondrial particles supplemented with succinate in the presence 
of myxothiazol), ОМОО- elicited О," formation (Figure 4). The 
rate of O, production and total O,- production were linearly 
related to protein (submitochondrial particles) concentration. 
Under these conditions, the О, production rate increased with 
increasing concentrations of ONOO- (Figure 4 inset). 
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Figure 5 Effect of ubiquinol on peroxynitrite-mediated nitration of BSA 


Assay conditions: BSA (2 mg protein/ml) in 0.1 M phosphate buffer, pH 7.4, was supplemented 
with 0.5 mM ONOO™ and various amounts of ООН, (0—400 М). The assay was performed 
as described in the Materials and methods section. 


Effect of ubiquinol on peroxynitrite-mediated protein nitration 


' The reaction of ubiquinol with a reactive intermediate (eqn. 7) 
suggests a role for this electron donor in pathways inherent in the 
chemical reactivity of this intermediate, i.e. nitration, hydroxy- 
lation and oxidation. This notion was examined with experi- 
mental models involving tyrosine nitration, a fingerprint of 
ONOO: action, in BSA and mitochondrial proteins by Western 
blotting. 

Exposure of BSA to ONOO' resulted in nitrotyrosine immuno- 
reactivity (Figure 5); the intensity of this band was decreased 
with increasing amounts of ubiquinol (in the 0-400 М range), 
thereby suggesting competition between ubiquinol and the tyro- 
sine residue in the protein for the reactive intermediate involved 
in nitration. The reaction of ONOO' with BSA proceeded with 


Mw 
(kD) 


121 — 


prp = 
83 — 





SMP - + + + o + + + 


BSA Б ig А ы wh. са соч 


i 


ONOO-(mM) 1 0.3 03 03 0.5 0.5 0.5 


UQ-2 (uM) - O 50 100 


1 


О 50 100 


Figure 6 Effect of exogenous ubiquinone on ONOO -mediated nitration of 
submitochondrial particles 


Assay conditions: submitochondrial particles (SMP) (2.5 mg protein/ml) in 0.1 M phosphate 
buffer, pH 7.4, in the presence of 6 mM succinate and 2.4 «М myxothíazol were supplemented 
with either 0.3 or 0.5 mM ONOO" and various amounts of UQ, (0-100 aM). Controls 
consisted of BSA (2 mg protein/ml) supplemented with 1 mM ONOO'. Molecular-mass 
markers in kDa (MW, КО) are shown on the left. 
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Figure 7 Effect of exogenous and endogenous ubiquinone redox status on 
ONOO -mediated nitration of submitochondrial particles 


Assay conditions: (A) Submitochondrial particles (SMP) (2.5 mg protein/ml) in 0.1 M 
phosphate buffer, pH 7.4, were supplemented with 6 mM succinate, various efectron-transter 
inhibitors and 20 uM UQ.. After 30 min incubation. the samples were exposed to a single pulse 
of 200 „М ONOO™. (B) As in (A) but without the addition of UQ, and with 30 М ONGO”; 
data correspond to redox changes in endogenous ubiquinol. The individual concentration 
of inhibitors was: 2.4 uM myxothiazol, 2.4 «М antimycin A or 1 mM KCN. The positions of 
molecular-mass markers in kDa (MW, kD) are shown. 


a second-order rate constant of 7.5+0.8 x 10? Ms! [24]; и 
may be inferred that, under the experimental conditions depicted 
in Figure 5 (30 4M BSA and 0.5 mM ONOO ), approx. 18% of 


production of secondary oxidants. 

When incubated with ONOO', mitochondrial proteins ex- 
hibited reactivity for nitrotyrosine in numerous bands (Figure 
6); the extent of tyrosine nitration was dependent on ONOO™ 
concentration (only two concentrations, 0.3 and 0.5 mM, are 
shown in Figure 6). The effect of ubiquinol on nitration of 
tyrosine residues in mitochondrial proteins was assessed with 
experimental models involving manipulations of the capacity 
and redox status of the ubiquinol pool in membranes. 

First, increase in the ubiquinol pool was achieved by sup- 
plementation of submitochondrial particles with varying amounts 
of UQ, in the presence of myxothiazol, and with succinate as 
electron donor, thereby resulting in reduction of UQ, and increase 
of the total ubiquinol pool. Under these conditions, a progressive 
decrease in nitrotyrosine immunoreactivity was observed with 
increasing amounts of ubiquinol (Figure 6). 

Secondly, the redox status of the endogenous ubiquinol pool 
was increased by using inhibitors of the mitochondrial complexes 
HI and IV (myxothiazol, antimycin A and cyanide), resulting in 
higher levels of endogenous ubiquinone in the reduced state. 
Under these conditions, a decrease in nitrotyrosine immuno- 
reactivity, elicited by supplementation of mitochondrial mem- 
branes with ONOO:;, was observed (Figure 7). 

Overall, data shown in Figures 5-7 strengthen the notion that 
the reaction of ubiquinol with the reactive intermediate formed 
in the decay of ONOO' to NO,” prevents nitration of tyrosine 
residues in a concentration-dependent manner. These effects of 
ubiquinol also suggest that the reaction of ONOO" with ubiquinol 
is a preferred decay pathway over the reaction of ONOO™ with 
other reduced components of the respiratory chain, such as 
cytochrome c and cytochrome oxidase [4.31]. Accordingly, the 
role of the latter in protection against ONOO dependent 
nitration may be less significant. 
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Table 1 Protective effects of parenteral administration of UQ, on 
respiratory functions of rat liver mitochondria exposed to ONGO- 


Data are the means+SEM from 3—4 samples Respiratory control is the ratio between O, 
uptake rates In the presence (state 3) and in the absence (state 4) of 0.2 mM ADP with 6 mM 
malate/glutamate as substrate. "Denotes P < 0.05 with respect to control samples (determined 
by Student's г test), Tdenotes Р < 0.05 with respect to basal values by analysis of varfance 
( ANOVA’) and Dunnett's test 





Control Injected with UQ,, 
UQ,, content (4g/mg of protein) 1.29 +0.13 2 03 +0.17" 
Respiratory control 8.1 +0.4 83 +04 
+75 uM QNO07 61 +04 7.8 +04 
+150 дм ONOO- 5.7 +041 70 +03 
+300 uM ONOO" 43407 — 45 +065} 





Ubiquinone content and ONOO™ concentration determine the 
oxidative damage of respiratory function in liver mitochondria 


Mitochondrial content of UQ,, was increased ~ 57% following 
the administration of the quinone to rats (Table 1), without 
changes 1n the respiratory control values. Supplementation of 
control mitochondria with 75, 150 or 300 «М ONOO: caused 
decreases in respiratory control values of ~ 25, 30, and 47% 
respectively. The respiratory control values of liver mitochondria 
from rats injected with UQ,, were decreased by these ONOO^ 
concentrations ~ 6, 15 and 45 % respectively (Table 1). It may be 
surmised that mitochondria with a higher conteht of UQ,, were 
endowed with adequate protection against damage caused by 
low ONOO™ concentrations (e.g. 75 uM), whereas increased 
UQ,, content was apparently ineffective in protecting against 
functional damage caused by high ОМОО- concentrations (e р. 
300 4M). 


DISCUSSION 


This study shows that (1) ubiquinol is oxidized by reactive 
intermediates formed in the decay of ONOO™ to NO,” (the 






НО 


reaction being zero order in peroxynitrite; Figure 2) in опе- 
electron transfer steps, as suggested by the generation of ubisemi- 
quinone (Figure 3). (2) ONOO™ promotes the formation of 0,7 
by mitochondrial membranes (Figure 4), probably via a reaction 
entailing ubiquinol oxidation to ubisemiquinone (eqn. 7) followed 
by autoxidation of the latter (eqn. 9). (3) Ubiquinol protects 
against ONOO -mediated nitration of tyrosine residues in BSA 
(Figure 5) and mitochondrial membranes (Figures 6 and 7), as 
surmised from experimental designs involving the addition of 
ubiquinol or an expanded ubiquinol pool in mitochondria caused 
by the action of selective complex I1I/IV inhibitors. (4) Increasing 
membrane-bound ubiquinol upon administration of UQ,, to rats 
partially prevents the ONOO -induced loss of mitochondrial 
respiratory function (Table 1). ; 

These findings may be analysed ın terms of the redox transitions 
of ubiquinone (ubiquinol > ubisemiquinone — ubiquinone) asso- 
ciated with, on the one hand, scavenging of free radicals (inherent 
in the ubiquinol — ubisemiquinone transition) downstream of 
peroxynitrous acid decomposition and, on the other hand, 
formation of O,” (inherent ın the ubisemiquinone — ubiquinone 
transition) (Scheme 2). It may be surmised that the occurrence of 
a reaction between mitochondrial ubiquinol and ОМОО- in- 
volves regulatory and protective aspects: first, ubiquinol 
scavenges free radicals derived from peroxynitrous acid de- 
composition, thereby protecting mitochondrial proteins against 
nitration. Secondly, ONOO™ elicits a concentration-dependent 
O,7 formation by mitochondrial membranes; this effect is 
ascribed to ubiquinol oxidation followed by ubisemiquinone 
autoxidation; further removal of O, by matrix Mn-superoxide 
dismutase yields H,O, in turn reduced to H,O by mitochondrial 
glutathione peroxidase. The sequences entailed in these radical 
decay pathways (ONOO > NO,’ > NO, and Oy — H,O, > 
H,O) suggest a strong antioxidant effect exerted by membrane 
ubiquinol. Thirdly, decay of О,” to either H,O, (by a Mn- 
superoxide dismutase-catalysed reaction; k = 2.3 x 1019 M^! -s71) 
or ONOO™ (upon its fast reaction with "NO; k=1.9x 
10° M~ s) is expected to be a function of the individual 
mitochondrial concentrations or steady-state levels of Mn- 
superoxide dismutase and "NO. 

Itis noteworthy that the reactions of ubiquinol with "NO (eqn. 
1) and peroxynitrite-denved radicals (eqn. 7) imply paradoxical 
effects: on the one hand, the higher utilization of "NO involved 





e 
Complex I 
Complex If 


Scheme 2 Redox transitions of ubiquinol and the scavenging and formation of nitrogen- and oxygen-cantred reactive species 


The Scheme depicts the scavenging of nitrogen-centred species coupled to the ubiquinol (UQH™) — ubisemiguinone (Ий) redox transihon, the formation of the superoxide anion coupled to 
the ubisemiquinone — ubiquinone (UQ) transition, and the transfer of electrons from complexes | and 11 to ubiquinone 
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in its reductive decay to NO" via ubiquinol favours the release of 
cytochrome oxidase inhibition and thereby restores mito- 
chondrial O, uptake [32]. On the other hand, the ubiquinol- 
centred reactions are expected to amplify the formation of 
ONOO: (suggested by an enhanced ubisemiquinone autoxidation 
to yield О," and the fast reaction of the latter with '*NO). The 
prevalence of these pathways is partly controlled by the 
intramitochondrial steady-state level of "NO (1n the range 0.05— 
0.5 uM); high steady-state concentrations of "NO (as during 
inducible-NOS induction [1]) are expected to compete efficiently 
with Mn-superoxide dismutase, thus favouring ONOO™ form- 
ation. Furthermore, the decay of the ONOO"-derived radical 
upon reaction with ubiquinol is relevant for mitochondrial 
functions, because (a) ubiquinol 1s a unique component of the 
electron transfer chain, which is efficiently and continuously 
recycled via electrons from complexes I and П and (b) ubi- 
semiquinone, formed as indicated in Figure 3, is a major source 
of oxyradicals in mitochondria. 

Understanding of the protection exerted by ubiquinol against 
ONOO~-mediated nitration of tyrosine residues requires con- 
sideration of the mechanistic aspects of this process. Formation 
of nitrotyrosine is a consequence of reactive species formed 
during the decay of ONOO™ and it entails a sequence that 
involves H abstraction from tyrosine to yield a tyrosyl radical 
(Tyr + HO' ^ Tyr + HO") followed by NO,’ addition to the 
latter (Tyr + NO,’ — 3-nitrotyrosine; k = 3 х 101? M^: s73) [33]. 
Hence, prevention of nitrotyrosine formation by ubiquinol may 
involve scavenging of НО", tyrosyl radical or NO,'. All of these 
reactions are thermodynamically feasible when considering the 
reduction potential of the redox couples involved: ubisemi- 
quinone/ubiquinol (+0.19 V; [34D, or HO'/H,O (2.3 V; [35], 
Tyr Tyr (0.93 V; [36,37]), and NO,/NO," (+0.99 V; [38)). 

In summary, a cohort of reactions involving mitochondrial 
ubiquinol with nitrogen-centred radicals have consequences for 
mitochondrial integrity and function and, most likely, for cellular 
effect signalled by mitochondrial changes. The implications of 
this redox network should be viewed primarily in terms of O, and 
"NO gradients, which establish a dynamic interplay between "NO 
metabolism, production of oxyradicals, regulation of O, uptake 
and scavenging of ONOO'. 
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Acylphosphatase possesses nucleoside triphosphatase and nucleoside 


_ diphosphatase activities 


Paolo PAOLI, Guido CAMICI, Glampaolo MANAO, Elisa GIANNONI and Giampietro RAMPONS' 
Dipartimento di Scienze Biochimiche, Universita di Firenze, Viale Morgagni 50, 50134 Firenze, Italy 


We have demonstrated that acylphosphatase possesses ATP- 
diphosphohydrolase (apyrase-like) activity. In fact, acylphos- 
phatase first catalyses the hydrolysis of the y-phosphate group of 
nucleoside triphosphates, and then attacks the £-phosphate group 
of the initially produced nucleoside diphosphates, generating 
nucleoside monophosphates. In constrast, 1t binds nucleoside 
monophosphates but does not catalyse their hydrolyses. The 
calculated k „ values for the nucleoside triphosphatase activity 
of acylphosphatase are of the same order of magnitude as those 
displayed by certain G-proteins. An acidic environment enhances 


г" the apyrase-like activity of acylphosphatase. The true nucleotide 


substrates of acylphosphatase are free nucleoside di- and tri- 


INTRODUCTION 


Acylphosphatase (EC 3.6.1.7) catalyses the hydrolysis of the 
carboxyl-phosphate bond contained in metabolites such as acetyl 
phosphate, 1,3-bisphosphoglycerate and carbamoyl phosphate 
([1], and citations therein), as well as in proteins such as the 
f-aspartyl phosphate intermediates formed during the actions 
of Na*/K*- ([2], and citations therein) and Ca**-membrane ion 
pumps ([3], and citations therein). These findings have suggested 
that the enzyme is involved in the control of some metabolic 
pathways, and in the control of the 10n status of the cells. 

Two isoenzymes, coded by two different genes, are expressed 
in vertebrate tissues. The muscle type (MT) is prevalently 
expressed in skeletal muscle and heart, whereas the organ 


common type (CT) is prevalently expressed in erythrocytes, in 


.— brain and in testis [4,5]. The three-dimensional structures of the 


two isoenzymes are very similar: they consist of a five-stranded 
anti-parallel twisted f-sheet flanked on one side by two anti- 
parallel «-helices running parallel to the f-sheet [6]. This peculiar 
acylphosphatase folding is very similar to that of the small RNA- 
binding domains of several RNA-binding proteins [7,8]; in fact, 
many RNA-binding proteins have modular structures consisting 
of RNA-binding modules and auxiliary domains, which perform 
an additional function [9]. This prompted us to investigate the 
involvement of acylphosphatase in polynucleotide processing. 
Chiarugi et al. [10] found that acylphosphatase catalyses the 
hydrolysis of both DNA and RNA. 

This paper reports a new catalytic activity of the enzyme, 
demonstrating that acylphosphatase possesses nucleoside tri- 
phosphatase (NTPase) and nucleoside diphosphatase (NDPase) 
activities. 


EXPERIMENTAL 


>- Benzoyl phosphate was synthesized according to Camici et al. 
[11]. Most nucleotides were purchased from Sigma; ADP was 
from Boehringer Mannheim (Mannheim, Germany). The DEAE 


phosphates, as indicated by the Mg?* 10n inhibition of the 
activity. We have also demonstrated that, although nucleoside 
triphosphates are still hydrolysed at pH 7.2 and 37 °C, in the 
presence of millimolar Mg!* concentrations this occurs at a 
lower rate. Taken together with the previously observed strong 
increase of acylphosphatase levels during induced cell differen- 
tiation, our findings suggest that acylphosphatase plays an active 
role in the differentiation process (as well as in other processes, 
such as apoptosis) by modulating the ratio between the cellular 
levels of nucleoside diphosphates and nucleoside triphosphates. 


Key words: acylphosphatase mutant, apyrase, ADPase, ATPase. 


SPW HPLC column was from Bio-Rad. The recombinant 
CT and MT wild-type isoenzymes of acylphosphatase were 
expressed and purified as described previously [12,13]. The 
Arg? — Ala (CT acylphosphatase) and Asn‘! — Gln (MT acyl- 
phosphatase) mutants were obtained by oligonucleotide-directed 
mutagenesis using a unique-site-elimination (USE) mutagenesis 
kit based on the USE method developed by Deng and Nickoloff 
[14]. The mutations were confirmed by DNA sequencing accord- 
ing to the method of Sanger et al. [15] and by amino acid analysis 
of the purified proteins. The purity of wild type and mutated 
acylphosphatases was checked by SDS/PAGE, staining protein 
with a silver nitrate-based method: 1n each case, a single band at 
about 11 kDa was present (results not shown). All other reagents 
were the purest commercially available. 


Enzyme assays 


NTPase and NDPase activities were assayed at 37 °C by adding 
the enzyme to test mixtures containing either one nucleoside 
triphosphate (NTP)'or one nucleoside diphosphate (NDP) dis- 
solved in 0.1 M buffer solutions at the indicated pH value. The 
buffers used were: 2.5-3.6 pH range, sodium formiate; 3.7—5.8 
pH range, sodium acetate; 5.9—7.0 pH range, sodium cacodylate; 
7.1-8.0 pH range, Tris/acetate. At the appropriate times, aliquots 
were withdrawn and the released P, was determined as described 
by Baginski et al. [16]. All assays were performed at least 1n 
duplicate, taking into account the non-enzymic hydrolysis of the 
nucleotides. Acylphosphatase activity was determined at 25 ?C 
using a continuous optical test and benzoyl phosphate as 
substrate [17]. 


Regression analysis 

The Р and K, values were obtained by solving the equation 
v= V IS]/K, +15] by non-linear regression analysis with the 
aid of a computer program (FigureP, BioSoft). In each determi- 


Abbreviations used CT, organ common type, MT, muscle type, NDPase, nucleoside diphosphatase, NTPase, nucleoside triphosphatase; NMP, 
nucleoside monophosphate, NDP, nucleoside diphosphate; NTP, nucleoside tnphosphate 
1 To whom correspondence should be addressed (e-mail ramponi@scibio unifi it) 
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nation, the standard errors for К and Voa, were calculated. In 
the case of inhibition studies, the linear-regression analysis of the 
double reciprocal plots was also performed with the FigureP 
program. 


HPLC analysis 


ATP, ADP and AMP as well as GIP, GDP and GMP were 
analysed by HPLC using a DEAE SPW column (7.5 x 75 mm). 
Solvent A was 25 mM Tris/HCl buffer, pH 8.0; solvent B was 
buffer A containing 1 M NaCl. The flow rate was 0.8 ml/min 
The analysis program was 0—50 % solvent B in 30 min. 


RESULTS 


ATP, ADP and AMP behave as competitive Inhibitors versus the 
benzoylphosphatase activity of acylphosphatase 


We determined the apparent К and Voe values of acylphos- 
phatase for benzoyl phosphate in the presence of increasing 
concentrations of AMP, ADP and ATP. Figure 1 shows the 
double reciprocal plot analyses, which demonstrate that ATP, 
ADP and AMP (Figures 1À, 1B and 1C respectively) apparently 
behave as competitive inhibitors of benzoylphosphatase activity. 
The actual inhibition constants, calculated by replotting the 
apparent К values against nucleotide concentration (Figure 
ID), were 0.1 mM for ATP, 0 47 mM for ADP and 2 18 mM for 
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Figure 1 


AMP. Taken together, these findings demonstrate that acylphos- 
phatase binds all three adenosine nucleotides at the enzyme site 
that also binds benzoyl phosphate, but also that binding strength 
increases greatly from AMP to ADP and to ATP, suggesting that 
the #- and y- phosphate groups of nucleotides contribute to the 
binding with additional interactions. 


Acylphosphatase catalyses the hydrolysis of NTPs and NDPs, but 
not that of NMPs 


We incubated 2 mM ATP or 2 mM GTP (in separate tubes) with 
acylphosphatase (0.38 4M final concentration) at 37 °C in 0.1 M 
sodium acetate buffer, pH 5.3. At the indicated times, aliquots 
were taken and analysed by ion-exchange HPLC using a DEAE 
SPW column. Figure 2 shows the HPLC time-course analyses. It 
can be seen that acylphosphatase is able to produce first ADP 
and, successively, AMP. Similar HPLC analyses demonstrated 
that when GTP was used as substrate, GDP and GMP were 
produced ın a time-dependent manner (results not shown). The 
control experiments were performed under the same conditions, 
but without enzyme added: under the above experimental 
conditions very poor spontaneous NTP hydrolyses were recorded ` 
(results not shown). Similar experiments performed in the 
presence of 2 mM EDTA gave identical results, indicating that 
metal ions are not required for the activity. On the contrary, the 
Mg** ion behaves as an inhibitor, suggesting that the free 





Inhibition of the benzoylphosphatase activity by adenine nucleotides 


Experiments were performed in 0 1 M sodium acetate buffer, pH 53, at 25 °C The Inrtia! rates of benzoyl phosphate hydrolysis were measured in the presence of various concentrations of adenine 
nucieohdes. The double reciprocal plots refer to (A) АТР, (B) ADP and (C) AMP The nucieohde concentrahons were «4, 0 mM, A, 50 mM, I, 100 mM, О, 150 mM, A, 200 mM for 
ATP, e. 0 mM, A, 200 mM, E. 400 mM; ©, 600 mM, A, 800 mM for ADP, and €, 0 mM; A. 250 mM, Ш. 750 mM, ©, 1250 mM, A, 1750 mM for AMP (D) Replots of the 


actual K, values against the nucleotide concentration 
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Figure 2 HPLC time-course analysis of the products released from ATP by 
acyiphosphatase 


A solutron of ATP (2 mM) dissolved in 0.1 M sodium acetate buffer, pH 5 3, was incubated with 
acylphosphatass (038 æM) at 37 °C. Aliquots were withdrawn at the indicated times, and 
HPLC analyses were performed using a DEAE SPW column (7 5 x 75 mm) under the conditions 
descnbed in the text 


nucleotides are the true enzyme substrates. Nevertheless, when 
2 mM ATP or GTP are incubated with acylphosphatase in 0.1 M 
Tris/HCl buffer, pH 7.2, and in the presence of 1 mM Mg** 10ns, 
we observe that acylphosphatase is still able to produce a time- 
dependent release of the respective NDP and NMP, although at 
lower rates (Figure 3). These findings demonstrate that acylphos- 
phatase also displays this activity under physiological conditions. 
Enzymes displaying both NTPase and NDPase activities are 
generally classified as apyrases. 


Effect of pH on the malin kinetic parameters of the NTPase and 
NDPase activities of acylphosphatase 


We first tested the stability of the enzyme activity (CT isoform) 
in the 2.5-9.5 pH range. This was done by incubating the enzyme 
(0.21 uM) in 0.1 M buffers adjusted-to the appropriate pH values 
at 37 °C for 40 min; the activity was then assayed at pH 5.3 using 
5 mM benzoyl phosphate as substrate. Table 1 shows that the 
enzyme 15 stable in the 2.5-9.5 pH range. 

The main kinetic parameters (К and V...) for the ATPase 
and ADPase activities displayed by acylphosphatase were de- 
termined at several pH values, and then the corresponding 


T Кы Ka values were calculated. In general, the pK, values derived 


from the pH dependence of the kinetic parameter Kk... / К, reflect 
catalytically essential ionization of free enzyme and/or free 
substrate. In the present case, the substrates (ATP and ADP) can 
ionize in the pH range studied In Figure 4(A), values of К/К 
for ATP are plotted as a function of pH. The variation of 
Kk ,,/ K, with pH yielded a curve characterized by two plateaus 
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Figure 3 The HPLC time-course analysis of the products released from 
ATP and GTP, in the presence of Мог lons, by acyiphosphatase 


Solutions of ATP or GTP (2 mM) dissolved in 01 M Tris/HCÍ buffer, pH 7 2, were incubated 
with acylphosphatase (15 uM) at 37 °C At different times (0, 90 and 270 min, from left to 
right), aliquots were withdrawn and HPLC analyses were performed under the same conditions 
as for Figure 2 


Table 1 Stability of acyiphosphatase between pH 2.6 and 9.5 


Acyiphosphatase (021 4M final concentration) was incubated at the indicated pH values for 
40 min at 37 °C, and then the activity was assayed at pH 53 and 25 °C, using 5 mM benzoyl 
phosphate as substrate. Specific acüvity is expressed as што! of benzoyl phosphate 
hydrolysed/min per mg of protein (-FSEM) 


pH Specific activity Buffer system 

25 8050 + 210 01 M Formic acid/NaOH 
35 8028 + 141 01 M Formic acid/NaOH 
45 7891 4-180 01 M Acetic acid/NaOH 
55 7940 + 126 01 M Acetic acid/NaOH 
65 7066 + 57 01 M Cacodylic acid/NaOH 
75 7592 + 163 01M Tris/HCl 

85 7703 + 63 01 М Tns/HCl 

95 7743 +424 01 М Glycine/NaQH 





and three slope changes, indicating that the reaction between free 
enzyme and free substrate must involve at least three ionization 
processes For the analysis of К/К. eqn (1) was used: 


Кы 
K, 


d 
poe: 


(1) 











A z B 

+ 

1+ Ka (4 1, =) 

[H*] Ka [HY 

where А is the value ок, /К, in the plateau at pH 3-4, B is the 
value of А/К, in the plateau at about pH б and K,,, K,, and 
K,, are the ionization constants of either free enzyme and/or free 
substrate (see Figure 4A). The fitting of eqn (1) was performed 
with the non-linear curve-fitting program FigureP (BioSoft), 
which enabled us to calculate the three рК, values and their 
S.E.M. Figure 4(A) shows that the experimental data fit eqn (1) 
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Figure 4 Effect of pH on &,,,/X, for the acylpbosphatase-catalysed hydrolyses of ATP and ADP 


The line that Is drawn through the expenmental data is based on the non-linear least-squares frt of the data for (A) ATP to eqn (1), and (С) for ADP to eqn (2) (B) and (D) report the molar fractions 
of the different tonic forms of ATP (B) and ADP (D) as a function of pH, calcufated using the known pK, values. 


very well (r = 0 91). We determined the following values: pK, 
4.3+0.1; pK, 5340.2; and pK,,, 6.5 +0.1. These findings 
indicate that the pK, values at pH 4.3 and 6.5 reflect two of the 
dissociation processes of ATP (pK,, and pK,, values for ATP 
determined by titration are 4—4.2 and 6.5, respectively [18]; the 
ATP pK,, and pK, values are < 2, outside the pH range we 
examined [19D. We note that the maximal $ „,/ К values are in 
the 2.9-4.0 pH range, where the most frequently represented 
molecular form of ATP 1s ATP” (Figure 4B). By increasing pH 
from 4 to 5, we can observe that k,../K,, decreases: the АТР? 
molar fraction falls while that of ATP?- increases (see Figure 
4B). Near pH 5.3 the slope of the curve changes suddenly, 
generating a shoulder. This is consistent with the presence in the 
free enzyme of one ionizing residue with a рК, value of 5.3. 
Above pH 6, the molar fraction of ATP* increases, and this is 
accompanied by a decrease in К/К, suggesting that the more 
negative species, АТР”, is a poor substrate for the enzyme. 

Figure 4(C) reports the pH dependence of k,.,/K,, for the 
ADPase activity of acylphosphatase. The variation of К/К, 
with pH yielded a bell-shaped curve with a limiting slope of +1 
on the acidic side and — 1 on the alkaline side. This indicates that 
the reaction between free enzyme and free substrate must involve 
two ionization processes. For the analysis of k,,,/K,, relative to 
the ADPase activity of acylphosphatase, eqn (2) was used. 


a (2) 








where A is the value of К/К in the plateau (ie. the pH- 
independent second-order rate constant), and K,, and K,, are the 
10nization constants of either the free enzyme or of the free 
substrate. The experimental data fit eqn (2) very well (r = 0.91), 
and we determined the following values: pK,,, 5.10.2 and pK,,, 
6.4+0.2. These results indicate that the pX, value of 6 4 reflects 
one of the ionization processes of ADP (the pK,, for ADP 
determined by titration is 6.3 [20]), while that of 5.1+0.2 reflects 
one ionization on the free enzyme. This latter value is very close 
to that calculated from the data of the pH dependence of k,,,/K,, 
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relative to the ATPase activity displayed by acylphosphatase 
(5.3+0.2), indicating that the same group in the free enzyme 
must be deprotonated for optimal binding and catalytic hy- 
drolysis of both АТР?" and ADP*, which are the molecular 
forms most represented in this pH zone (see Figure 4D). The 
protonation of the above group does not improve the catalytic 
hydrolysis of the ATP* form; in fact, near pH 3, where АТР 
prevails over the other molecular forms, x,,,/K,, has the highest 
values, Furthermore, it can be seen that ATP*, ADP?- and 
ADP” forms are very poor substrates for acylphosphatase АП 
these findings indicate that the acylphosphatase catalytic path- 
ways for ATP and ADP hydrolyses are very complicated, 
depending on the affinity and molar fraction of each nucleotide 
species that is present in solution at different pH values. 

Lastly, we tested the enzymic properties of the CT and MT 
isoenzymes of acylphosphatase on other purine and pyrimidine 
nucleotides. Table 2 reports the apparent К. and k,,,/K,, values 
for the hydrolyses of various NTPs and NDPs catalysed by the 
CT isoenzyme at pH 5.3 and 7.2. Taken together, these data 
demonstrate that acylphosphatase catalyses the hydrolysis of all 
nucleotides tested and that pH influences not only the kinetic 
parameters for adenine nucleotides but also those for the other 
nucleotides. The enzyme has no hydrolytic activity on NMPs. 
The K, values for GTP and GDP of CT acylphosphatase are the 
lowest among NTPs and NDPs, at both pH 5.3 and 7.2, 
indicating that the CT acylphosphatase active site has the highest 
affinity for guanosine nucleotides. Furthermore, the &,../K, 
values reported in Table 2 also indicate that GTP and GDP are 
among the most specific nucleotide substrates of acylphosphatase, 
both at acidic and neutral pHs. Table 2 also shows the kinetic 
properties relative to the ATPase and ADPase activities of the 
MT isoenzyme. 


Acylphosphatase utilizes the same active site for 
benzoylphosphatase, ATPase and ADPase activities 


In order to test whether the benzoyl phosphate, ATP and ADP 
hydrolyses are catalysed by the same active site, we measured the 
ATPase and ADPase activities of two mutants of acylphos- 


Nucleotide diphosphatase activity of acylphosphatase 
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Table 2 Kinetic properties of acyiphosphatase versus some NDPs and NTPs 








nd, not detectable 
pH 53 pH 72 
Substrate kK, (M x 1075) Kul Ka (M^ 371) К. (M x10) Ku! Ka (M^ +877) 
CT acylphosphatase isoenzyme 
ATP 9§+04 3566 + 119 60.147 208 + 10 
GTP 7+05 3599 + 200 77+0.5 573 +27 
UTP 158405 2192 +56 464+36 167+9 
CTP 117506 2308 + 93 165+1 334 4-18 
ADP 64142 1550+33 13906 663 + 24 
GDP 236-17 2169+ 90 12.9 - 0.5 960 +30 
UDP 6374134 1062 + 34 794485.8 138 4-6 
CDP 897 -- 4.3 1100 + 28 4364-21 235 +8 
MT acylphosphatase isoenzyme 
ATP 1844-05 1811 +36 38.8 3- 1.6 2134-6 
ADP 57 527 578 +18 318441.5 12544 
MT acyiphosphatasa mutant: Asn‘! — Gin 
ATP 26 6-1.3 1964-06 
ADP 681449 72+03 
CT acylphosphatase mutant Arg? — Ala 
ATP - nd 
ADP - nd 





phatase, i.e. Arg? — Ala (CT isoenzyme) and Аѕпќ ^ Gin (MT 
isoenzyme). The two isoenzymes of acylphosphatase share 55% 
sequence homology and very similar three-dimensional structures 
[6]. These two mutants were selected for the following experiments 
because both Arg" and Asn*! are essential residues involved in 
the enzymic mechanism of benzoyl phosphate hydrolysis [21,22]. 
In particular, Arg? participates in the binding of the phosphate 
moiety of the substrate, whereas Asn*! binds the nucleophilic 
water molecule involved in the chemical step of the catalytic 
pathway [6]. Table 2 shows that, like benzoyl phosphatase 
activity [22], both mutants show a dramatic decrease in К/К. 
values for ATPase and ADPase activities with respect to the non- 
mutated enzymes, indicating that these two residues are also 
essential for the catalytic hydrolyses of both ATP and ADP. All 
of the above findings, together with those concerning the 
competitive inhibition elicited by the adenosine nucleotides on 
benzoylphosphatase activity, indicate that acylphosphatase 
utilizes the same active site for the enzymic hydrolyses of both 
acylphosphates and nucleotide di- and tri-phosphates. 


DISCUSSION 


In this paper we have demonstrated that acylphosphatase binds 
NMPs, NDPs and NTPs, and that it also catalyses the hydrolysis 
of both NTPs and NDPs, whereas it has no activity on NMPs. 
Although the enzyme is inhibited by the Mg** 1on (indicating 
that the true substrates are the free NTPs and NDPs), the HPLC 
time-course analyses demonstrated that, when incubated with 
mixtures containing both 2 mM NTPs and 1 mM Ме? ions at 
near-neutral pH and 37°C, acylphosphatase causes the pro- 
duction of both NMPs and NDPs, although at lower rates. Both 
activities are pH-dependent, and have the highest values in an 
acidic environment. The experiments on the inhibition. of 
benzoylphosphatase activity by nucleotides, together with those 
carried out with the two mutants Asn*! — Gln and Arg** — Ala, 
have indicated that the enzyme utilizes the same active site to 
perform ATPase, ADPase and benzoylphosphatase catalyses. 


Although К, values for the NTPase and NDPase activities 
of acylphosphatase are lower than the К, value for a typical 
acylphosphatase substrate such as acetyl phosphate [23], this 
particular enzyme activity could have relevant functions under 
physiological conditions. In fact, other GTPase activities, such as 
those elicited by the Со subunit of heterotrimeric G-proteins, 
have k,,, values very close to the value elicited by acylphosphatase 
[24]. 

Several studies have suggested some biological roles for 
acylphosphatase, such as the control of the 1on1c conditions of 
the cell [2,3,25,26] or the control of the glycolytic pathway 
[27,28]. The control of the ionic conditions of the cell by 
acylphosphatase is determined by its catalytic activity on the 
hydrolysis of phosphorylated intermediates (f-aspartylphos- 
phate) of membrane Na*/K*- and Ca*'-ATPases. The findings 
of Riley et al. [29] suggested that acylphosphatase, which may 
regulate membrane ion pumps, has a role in tumourigenesis, and 
particularly in the determination of the metastatic phenotype. In 
fact these authors performed experiments of differential display 
comparing gene expression from cell lines (both non-metastatic 
and metastatic) derived from human colorectal tumours. They 
found that an acylphosphatase gene is expressed exclusively 1n a 
metastatic cell line, and suggested that the enzyme participates in 
the determination of the metastatic phenotype by altering the 
Na*/K*-ATPase pump function. They also support this hy- 
pothesis by considering the changes in the activity of this ionic 
pump in 1,2-dimethyhydrazine-induced colonic tumours, as 
reported by Davies et al. [30] Concerning the physiological 
significance of acylphosphatase in the regulation of membrane 
ion pumps, a recent paper of Nediani et al. [31] strongly supports 
previous findings: these authors have demonstrated that 
acylphosphatase behaves differently when regulating Ca** pumps 
of sarcoplasmic/endoplasmic reticulum of heart than when 
regulating fast-twitch skeletal muscle. The addition of physio- 
logical concentrations of the enzyme to a preparation of sarco- 
plasmic reticulum vesicles from heart exhibited a parallel increase 
in the rates of both ATP hydrolysis and Ca?* transport. In 
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contrast, acylphosphatase addition to sarcoplasmic reticulum 
vesicles from fast-twitch skeletal muscle caused the uncoupling 
of the pump, because the stimulation of ATP hydrolysis matched 
an inhibition of the calcium pump. Using controlled immuno- 
precipitation experiments, these authors also demonstrated the 
specific binding between acylphosphatase and heart sarcoplasmic 
reticulum Ca**-ATPase. 

The present findings on the ATPase activity of acylphosphatase 
add further support to the previous results on the regulation of 
glycolysis by this enzyme, and also suggest new 1deas concerning 
the mechanisms by which acylphosphatase controls the glycolytic 
pathway. In fact, the reported increase in the glycolysis rate 
associated with the overexpression of the enzyme in yeast [28] 
may be due not exclusively to the hydrolysis of 1,3-bis-phospho- 
glycerate (as suggested previously) but also to the hydrolysis of 
ATP. This idea agrees with the findings of Meyerhof [32], who 
reported that addition of ATPase to yeast extracts prepared by 
autolysis raises the glycolytic rate to that achieved by the addition 
of arsenate 

Other cellular functions of acylphosphatase are still being 
debated. Previous studies have demonstrated that overexpression 
of acylphosphatase is accompanied by cell differentiation [33—35], 
and that the enzyme migrates 1nto the nucleus during differen- 
tiation [36] as well as during apoptosis [37]. Our previous findings 
on the role of acylphosphatase in cell differentiation. have 
indicated that: (1) the level of the acylphosphatase MT isoenzyme 
increases about 10-fold during myotube differentiation of cul- 
tured myoblasts, along with an increase in the levels of muscle- 
specific proteins [33]; (i) the ectopic expression of the MT 
isoenzyme in K562 cells accelerates their erythrocyte differen- 
tiation [34]; (ш) tri-iodothyronine (T,), a bland differentiating 
agent for K 562 cells, activates the MT acylphosphatase gene, so 
that enzyme concentration is enhanced after hormone treatment. 
In contrast, T, has no effect on the CT isoform, indicating that 
the two genes are differently regulated [34]. 

Our findings on the NTPase and NDPase activities of acylphos- 
phatase may support previous results on the involvement of 
the enzyme in differentiation and apoptosis. We suggest that the 
strong increase in acylphosphatase levels (by about 10-fold) 
during some differentiation processes causes fluctuations in the 
levels of NTPs and NDPs. This may result in the alteration of 
some biological functions, such as those mediated by G-proteins, 
which are relevant for the differentiation process. Dolfi et al. [25] 
demonstrated previously that a microinjection of acylphos- 
phatase blocks the Xenopus laevis oocyte maturation induced by 
Ras-p21, a well-known G-protein that mediates cellular signalling 
processes. Although these authors have suggested a different 
mechanism, the observed block of this Ras-p21 biological 
function could be due to the acylphosphatase-induced GTP 
hydrolysis in this cell type. Furthermore, other authors have 
demonstrated that K562 cell differentiation by tiazofurin 1s 
accompanied by the early decrease of cellular GTP [38]. Similar 
considerations can be made for the possible changes in cellular 
ATP levels caused by the ATPase activity of acylphosphatase 
during apoptosis. Intracellular acidification 1s an early event 
associated with somatostatin-induced apoptosis [39], as well as 
with apoptosis induced by cytotoxic insult and by removal of 
growth factors ([40], and citations therein). On the other hand, 
the present findings demonstrate that acidification may en- 
hance the ATPase activity of acylphosphatase through two differ- 
ent mechanisms: (1) acidification increases the molar fraction of 
free ATP* (which 1s a good substrate for the enzyme), which 
also occurs in the presence of Mg** ions (see [41]) and (ii) it 
causes the increase of k,.,/K,, value (Figure 4A). We suggest that 
acylphosphatase (which 1s activated by a pH decrease during 
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apoptosis) causes a decrease in the ATP levels contributing to the 
apoptotic process. In fact, Lieberthal et al. [42] have reported 
that a limited depletion of ATP causes apoptosis of cultured 
mouse proximal tubular cells, whereas a severe depletion of ATP 
induces necrosis. Very recently, we have demonstrated that the 
transfection of an acylphosphatase gene into NIH-3T3 cell 
induces apoptosis (E. Giannom, P. Сип, P. Paoli, T. Fiaschi, 
G. Camici, G. Manao,G Raugei, and G. Ramponi, unpublished 
work). 

The observed NTPase and NDPase activities of acylphos- 
phatase are similar to those displayed by apyrases. These 
enzymes, which catalyse the sequential release of y- and f- 
phosphate groups of NTPs and NDPs, have been found in 
different organisms [43]. Most of these are membrane-associated 
ectoenzymes; one of their putative roles is to modulate the 
extracellular concentrations of ATP and ADP in different 
physiological systems. To date, no intracellular enzyme with 
apyrase activity has been described in the cell 

Finally, our findings suggest that acylphosphatase contains a 
nucleotide-binding site. A nucleotide-binding sequence motif 
termed the P-loop has been described for ATP- and GTP- 
binding proteins [44]. Its primary structure typically consists of 
a glycine-rich region followed by a conserved lysine. A related 
structure (GXXGXXK) is involved in the binding of the cofactor 
3’-phosphoadenosine-5’-phosphosulphate (PAPS) in sulpho- 
transferases [45]. We have noted that the known MT acylphos- 
phatase isoenzymes generally contain the sequence GVVGW- 
VK* (with the exception of the fish MT isoenzyme, which 
contains К“), whereas the known CT acylphosphatase iso- 
enzymes contain the sequences GLVGWVQ?*? (human, porcine 
and bovine), GLVGWVK" (fish) and GLVGWVR"? (chicken) 
[46]. As can be seen, these sequence stretches are similar to the 
one involved in PAPS binding in sulphotransferases, and are 
located next to Asn*!, which is an essential residue conserved in 
all acylphosphatases [46]. All of these observations suggest that 
the sequence 34—40 of acylphosphatase is involved in nucleotide 
binding. Further studies, such as site-directed mutagenesis, will 
be required to directly localize the nucleotide-binding site of this 
enzyme. 
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The human erythrocyte anion exchanger (AE)1 (Band 3) contains 
a single complex N-linked oligosaccharide that is attached to 
Asn** in the fourth extracellular loop of this polytopic membrane 
protein, while other isoforms (AE2, AE3 and trout AE1) are N- 
glycosylated on the preceding extracellular loop. Human АЕІ 
expressed in transfected human embryonic kidney (НЕК)-293 or 
COS-7 cells contained a high-mannose oligosaccharide The lack 
of oligosaccharide processing was not due to retention of AEI in 
the endoplasmic reticulum since biotinylation assays showed that 
approx. 3095 of the protein was expressed at the cell surface. 
Moving the N-glycosylation site to the preceding extracellular 
loop in an AE] glycosylation mutant (N555) resulted in pro- 
cessing of the oligosaccharide and production of a complex form 
of AEL. A double N-glycosylation mutant (N555/N642) con- 
tained both a high-mannose and a complex oligosaccharide 
chain. The complex form of the N555 mutant could be bio- 


tinylated showing that this form of the glycoprotein was at the 
cell surface. Pulse-chase experiments showed that the N555 
mutant was efficiently converted from a high-mannose to a 
complex oligosaccharide with a half-time of approx. 4 h, which 
reflected the time course of trafficking of AE] from the endo- 
plasmic reticulum to the plasma membrane. The turnover of 
the complex form of the N555 mutant occurred with a half-life 
of approx. 15 h. The results show that the oligosaccharide 
attached to the endogenous site in extracellular loop 4 in human 
AE] is not processed іп HEK-293 or COS-7 cells, while the 
oligosaccharide attached to the preceding loop is converted into 
the complex form. 


Key words: Band 3, endoplasmic reticulum, glycosylation, 
trafficking, turnover. 





INTRODUCTION 


The human erythrocyte anion exchanger (AE)1 (Band 3) contains 
a single site of N-glycosylation at Asn** in the fourth extracellular 
loop of the protein [1—3]. This oligosaccharide consists of either 
an elongated polylactosaminy! structure [4] or a shorter, more 
typical, complex structure [5] resulting in two Band 3 glycoprotein 
populations [6]. In the human disease, hereditary erythroblastic 
multinuclearity with a positive acidified-serum lysis test (HEM- 
PAS), the oligosaccharide on red cell glycoproteins is not 
completely processed but retains a high-mannose structure due 
to a defect in mannosidase II [7-10]. The anion transport activity 
of HEMPAS erythrocytes is normal showing that the high- 
mannose form of AEI is fully functional [9]. Interestingly, a 
mannosidase II deficient mouse lacked complex N-glycans on its 
erythrocyte glycoproteins but contained complex glycoproteins 
in non-erythroid cells, resulting in a HEMPAS phenotype [11]. 
This suggested that an alternative oligosaccharide processing 
pathway not involving mannosidase II is available in cells other 
than those of the erythroid lineage. 

Expression of human AE! in transfected human embryonic 
kidney (HEK)-293 or COS-7 cells results in the production 
of a protein that retains a high-mannose oligosacchande [12]. 
A similar observation was made previously for mouse AE] 
[13]. Human AEI 1s functionally expressed at the cell surface 
of transfected cells [14]. These results suggest that the lack of 
oligosaccharide processing is not entirely due to retention of the 
glycoprotein in the endoplasmic reticulum and that a high- 
mannose form of AEI is functional. In cell-free translation 
studies of the topology of АЕ1 we found that a novel N- 


glycosylation acceptor site introduced at Asn*® ın extracellular 
loop 3 can be N-glycosylated [15]. In the present study we report 
that expression of this AE] mutant (N555) in transfected HEK- 
293 or COS-7 cells resulted in the production of a glycoprotein 
containing a complex oligosaccharide. The processing of the 
oligosaccharide attached to AEI is therefore dependent on 
the location of the oligosaccharide in this polytopic membrane 
protein. The processing of the oligosaccharide on the N555 
mutant allowed the study of the trafficking of human AE] ın 
transfected cells from its site of synthesis, in the endoplasmic 
reticulum, to its final destination, in the plasma membrane. 


EXPERIMENTAL 
Materials 


Materials were purchased from the following suppliers (in 
parentheses): pcDNA3 (Invitrogen, San Diego, CA, U.S.A); 
Transformer® site-directed mutagenesis system (ClonTech 
Laboratories, Palo Alto, CA, U.S.A.); T7 DNA sequencing kit, 
Protein G-Sepharose and restriction enzymes (Amersham Phar- 
macia Biotech, Baie d’Urfé, Quebec, Canada); Dulbecco's modi- 
fied Eagle's medium (DMEM), calf serum, penicillin and strepto- 
mycin (Gibco BRL, Burlington, Ontario, Canada); [*S] 
methionine, consisting of approx. 73% [2°] methioinine and 
27 % [*S]cysteine (Mandel Scientific, Guelph, Ontario, Canada); 
endoglycosidase H, N-glycanase F and goat peroxidase-con- 
jugated anit-rabbit IgG (New England Biolabs, Mississauga, 
Ontario, Canada); octa(ethylene glycol) dodecyl ether (C,,E,; 
Nikko Chemical Co., Tokyo, Japan); chemiluminescence kit 


Abbreviations used AE, anion exchanger, C,,E,, octa(ethylene glycol) dodecyl ether, HEK, human embryonic kidney, HEMPAS, hereditary 
erythroblastic multinucleanty, with a positive acidified-serum lysis test, NHS-SS-biotin, sulpho-succinimidyl 2-(brotin-amido)ethyl-1,3-dithiopropionate 
1 To whom correspondence should be addressed (e-mail r reithmeler@utoronto са) 
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(Boehringer Mannheim, Laval, Quebec, Canada); Immuno- 
Purefimmobilized streptavidin and EZ-link® sulpho-succin- 
imidyl 2-(biotin-amido)ethyl-1,3-dithiopropionate (NHS-SS-bio- 
tin; MJS BioLynx Inc., Brockville, Ontario, Canada). 


Mutagenesis and DNA sequencing 


The entire coding sequence for human AE] was inserted into the 
Xhol and BamHI sites of pcDNA3 [12] The following АЕІ N- 
glycosylation mutants were constructed as described previously 
[15]: N642D, a non-glycosylated mutant with a mutated endo- 
genous site; N555, a mutant with a single novel site at Азп5%° 
(Y555N/V557T) and a mutated (N642D) endogenous site; and 
N555/N642, a double N-glycosylation mutant with a novel site 
at Asn**? (Y555N/V557T) and the endogenous site. 


Expression of AE1 in transfected cells 


HEK-293 or COS-7 cells were transfected with 5 ug of plasmid 
DNA per 10 cm diameter plate and grown in DMEM supple- 
mented with 10% (v/v) calf serum, 0.5% penicillin and 0.5% 
streptomycin under air/CO, (19:1) at 37 °С, as described pre- 
viously [12]. Cell extracts were prepared by detergent solubiliza- 
tion of the cells 48 h after transfection, as described below. 


SDS/PAGE and immunoblotting 


Proteins were resolved by SDS/PAGE [16]. AEI was detected by 
immunoblotting using a rabbit polyclonal antibody directed 
against the synthetic peptide corresponding to the C-terminal 16 
residues of human AE1 [12]. 


Enzymic deglycosylation and lectin binding 


Cell extracts (50 xl) prepared from transfected cells using 1% 
(v/v) C,,E, were incubated for 1 h at 37 °C with no additions, 
1000 units (1 д1) of endoglycosidase Н (1000000 units/ml) or 500 
units (1 4) of N-glycanase Е (500000 units/ml), followed by 
addition of 1 vol. of 2x Laemmli sample buffer containing 4% 
(w/v) SDS. 

The binding of AE] mutants to immobilized concanavalin A 
was determined as described previously [12]. Briefly, cell extracts 
(50 wl) in 1% (v/v) C,,E, were incubated with 25 ш of con- 
canavalin A~Sepharose in the absence and presence of 0.25 M 
methyl а-р-таппоругапозійе. The supernatant represented the 
unbound fraction while the bound fraction was released by 
boiling the resin in 2 x Laemmli sample buffer. A similar binding 
assay was performed using wheat germ agglutinin-Sepharose in 
the presence and absence of 0.3 М N-acetyl-p-glucosamine. 


Cell surface biotinylation 


HEK-293 cells were grown in 6-well culture dishes for 48 h after 
transfection. The cells were washed once with ice-cold borate 
buffer (10mM boric acid, 154mM NaCl, 7.2mM KCl and 
1.8 mM CaCl, pH 9 0). Cells were subsequently treated with 
I ml of 0.8 mM EZ-Link® NHS-SS-biotin ın borate buffer for 
15 min at 0 °С. Parallel control cells were not treated with the 
biotinylation reagent. Cells were washed with 0.192 M glycine/ 
25 mM Tris, pH 8.3 to quench the reaction. The cells were lysed 
in RIPA buffer [10 mM Tris/HCl (pH 7.5), 1% (w/v) de- 
oxycholate, 1% (v/v) Triton X-100, 0.1% SDS, 150 mM NaCl 
and 1mM EDTA] containing protease inhibitors (200 uM 
PMSF, 2.8 uM E64, 1 uM leupeptin and 1 uM pepstatin), 
followed by centrifugation at 140002 for 15 min to remove 
insoluble materal. An aliquot of the lysate was saved for 
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measurement of the total AE1 content. Immunopure immobilized 
streptavidin resin (100 д1) was added to the lysate and incubated 
for 1 h at 4°C to bind biotinylated protein. Addition of a larger 
volume of beads did not increase the yield of bound protein. As 
an additional control for non-specific binding, samples were also 
incubated with Sepharose beads lacking streptavidin. The super- 
natant was removed and an aliquot saved for measurement of 
AE] in the unbound fraction. The beads were washed with RIPA 
buffer and bound protein was eluted by addition of Laemmli 
sample buffer containing 5 95 (v/v) 2-mercaptoethanol for 1 h at 
room temperature. The content of AEL in the total, unbound 
and bound fractions was determined by immunoblotting. 


Pulse—-chass experiments 


НЕК -293 or COS-7 cells were grown at 37 °C in 35 mm diameter 
dishes for 24 h, after transfection witb 0.6 ug of plasmid DNA. 
The cells were incubated for 45 min in methionine- and cysteine- 
free DMEM without calf serum. Cells were labelled with 
100 4Ci/ml [S]methionine for 10 min. The radioactive medium 
was removed and the cells were rinsed once with PBS. The cells 
were then chased for up to 24h by incubation in DMEM 
containing 10% calf serum, and 10 ug/ml cycloheximide to 
inhibit further protein synthesis. For turnover studies the cells 
were labelled for 90 min with 20 uCi/ml [*S]methionine and 
then chased without cycloheximide for the indicated times up to 
48 h. Cells were harvested at timed intervals, washed with PBS 
and then solubilized in 1 ml of RIPA buffer AE1 was immuno- 
precipitated using 4 ul of antibody serum directed against the 
C-terminal of human AEI, followed by capture on 40 ul of 
Protein G-Sepharose beads. The proteins were eluted from the 
resin using 50 ul of 2x SDS sample buffer at room temperature 
for 10 min Proteins were resolved by SDS/PAGE and were 
detected by autoradiography. 


RESULTS 
AE1 N-glycosylation mutants 


Human АЕ] consists of 12 transmembrane segments with a 
single site of N-glycosylation at Asn**?* (Figure 1A). Three 


mutants of AE] (N642) were constructed that contained no N-  — 


glycosylation acceptor sites (N642D), a single novel site at Asn®*® 
(N555) or a double N-glycosylation mutant with a novel site at 
Asn"*5 and the endogenous site at Asn9€ (N555/N642) [15,17]. 
Figure 1(B) shows an immunoblot of HEK-293 cells transfected 
with AE] constructs N642, N642D, N555 or N555/N642. Wild- 
type AE] (lane 2) was present in transfected cells as a single band 
with a slightly higher molecular mass than the N642D mutant 
(lane 1) due to the presence of a high-mannose N-linked 
oligosaccharide [12]. In contrast, the N555 mutant (lane 3) was 
present as two closely spaced bands. The lower band was at the 
same position as wild-type high-mannose protein, while the 
second band had a higher molecular mass. These results suggest 
that a fraction of the N555 mutant had been processed to a high 
molecular mass form containing a complex oligosaccharide. 
Scans of the immunoblots showed that approximately one-third 
of the N555 mutant was present as the higher molecular mass 
form. The N555/N642 mutant (lane 4), with two N-glycosylation 
sites, also ran as two bands but with even higher molecular 
masses than the N555 mutant, indicating that both sites were N- 
glycosylated. 


Enzymic deglycosylation and lectin binding 


Enzymic deglycosylation was performed in order to characterize 
the nature of the oligosaccharide attached to the various AEI 
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Figure 1 N-glycosylation mutants of human AE1 


(А) Folding model of human АЕ? showing the location of Asn? and Asn®*. (B) Immunoblot 
of extracts of HEK-293 cells transfected with АЕТ N-giycosylation mutants. HEK-293 cells were 
transfected with pcDNA3 vector containing the non-glycosylated mutant (№6420). wild-type АЕ1 
(N642), the N555 mutant with a single acceptor site at position 555 (N555) or the N555/N642 
mutant with two acceptor sites at positions 555 and 642 (N555/N642). Cell extracts were 
prepared by solubilizing cells with 1% (v/v) C, ,E,,150 mM NaCi and 5 mM sodium phosphate, 
pH 7.4 (PBS). Proteins were resolved by SDS/PAGE using an 8% {w/v} polyacrylamide gel, 
transierred to nitroceliulose and AET was detected by immunobiotting. Ct, C-terminus; Nt, N- 
terminus, 


mutants (Figure 2). Wild-type AEI was sensitive to endo- 
glycosidase H treatment (Figure 2, lanes 1—3) consistent with a 
high-mannose structure [12]. The lower band of the N555 mutant 
was also sensitive to this enzyme (Figure 2, lanes 4—6), showing 
that this form of the protein contained a high-mannose oligo- 
saccharide. The upper band, in contrast, was resistant to this 
enzyme treatment, but its mobility could be shifted by N- 
glycanase F. This suggests that the upper band contained a 
complex oligosaccharide. In the double mutant, the lower and 
upper bands were both sensitive to endoglycosidase H (Figure 2, 
lanes 7-9), suggesting that each contained a high-mannose 
oligosaccharide. The lower band shifted down to the position of 
the non-glycosylated AEI showing that it contained two high- 
mannose oligesaccharides. In contrast, the upper band was 
shifted down to the position of the non-glycosylated AEI only 
after treatment with N-glycanase F. This showed that the upper 
band contained both high-mannose and complex oligo- 
saccharides. There was no evidence of a higher molecular mass 
form of this mutant that contained two complex oligosac- 
charide chains. The results are consistent with the oligosaccharide 
at position 555 being high-mannose and the oligosaccharide at 
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Figure 2 Immunoblot showing enzymic deglycosylation of N642, N555 or 
N555/N642 


Celi extracts were incubated without enzyme addition (C), with endoglycosidase Н (Н), or with 
N-glycanase F (Р). AE1 was detected as in Figure 1. Open circle, non-glycosylated AE ; closed 
circle, high-mannose form of АЕ? ; asterisk, complex form of N555 mutant; double closed circie, 
double high-mannose form of N555/N642 mutant: asterisk/closed circle, high-mannose and 


complex form of N555/N642 mutant. 
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Figure 3 Immunoblot showing the concanavalin A-Sepharose binding 
properties of N642D, N642, N555 and N555/N642 


Cell extracts of transfected HEK-293 cells were prepared by using 1% (v/v) C,.£, in lysis buffer 
and subjected to incubation with concanavalin A-Sepharose in the absence ( —- ) and presence 
(+) of 0.25 M methy! a-o-mannopyranoside. The unbound (U) and bound (B) fractions were 
resolved by SDS/PAGE and АЕ1 was detected by immunoblotting. 


position 642 of the same molecule being processed to a complex 
oligosaccharide. 

Oligosaccharide chains must be accessible to the processing 
enzymes in the Golgi in order to be converted to a complex-type 
oligosaccharide [18,19]. The accessibility of the oligosaccharide 
chains at positions Asn?? and Asn*?** of AEI was compared by 
digestion of the solubilized mutant proteins with various con- 
centrations of N-glycanase F. It was found that the oligo- 
saccharide at position 555 was 10-fold more sensitive to enzymic 
deglycosylation than the site at position 642 (results not shown). 
This result indicates that the oligosaccharide at position 555 may 
also be more accessible to modification by the processing enzymes 
in the secretory pathway. 

Lectin affinity chromatography was performed to confirm the 
nature of the oligosaccharide in the AE] mutants (Figure 3). 
АЕІ expressed in HEK-293 cells bound to concanavalin 
A-Sepharose (Figure 3, lanes 5-8), while the non-glycosylated 
N642D mutant did not (Figure 3, lanes 1-4). The binding of AE! 
to concanavalin A could be blocked by methyl a-Db-manno- 
pyranoside (Figure 3, lane 7), confirming the specificity of the 
interaction with this lectin. In this particular experiment approxi- 
mately half of the AE] was bound to the lectin. All of the AEI 
could be bound by using higher amounts of resin. however, the 
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Figure 4 Immunoblot analysis of cell surface biotinylation of HEK-293 cells 
expressing N642 (left panel), N642D (middle panel) or N555 (right panel) 


Cells extracts were prepared from biotinylated cells and incubated with streptavidin-Sepharose. 
The total sample (T), unbound fraction (U) and bound fraction (B) were resolved by SDS/PAGE 
and AE? was detected by immunoblotting. АЕТ (№642) and the N642D mutant each ran as 
predominantly single monomeric protein bands. The high molecular mass bands near the top 
of the gel represent undissociated АЕ? dimers. The N555 mutant ran as two closely spaced 
bands. The upper band contained complex oligosaccharide while the lower band contained high- 
mannose oligosaccharide. The bound fraction was overloaded 12 x with respect to the total 
Sample and the unbound fraction (i.e. the supernatant) to get comparable band densities. 


protein became more difficult to elute from the lectin. The ability 
of wild-type AE! to bind to concanavalin A is consistent with the 


presence of a high-mannose oligosaccharide. The lower band of 


the №555 mutant also bound to this lectin while the upper band 
did not (Figure 3, lanes 9-12). This is consistent with the 
deglycosylation results, which indicated that the upper band 
contained a complex oligosaccharide while the lower band re- 
tained a high-mannose oligosaccharide structure. The lower 
band of the double mutant was bound completely to this resin, 


The yield of protein in the bound fraction was very low and may 
have been due to the high avidity of the double N-glycosylated 
high-mannose protein for the resin. We were surprised to find 
that the upper band of the double mutant bound poorly to the 
concanavalin A resin. This suggests that the protein has a lower 
avidity for the resin compared with the high-mannose protein or 
that the presence of the large complex chain in the neighbouring 
loop compromised the binding of the high-mannose chain. The 
upper band of the N555 mutant bound to immobilized wheat- 
germ agglutinin while the lower band did not (results not shown) 
indicating that the upper band did contain complex oligo- 
saccharide. Thus the N555 mutant is also present in two forms in 
transfected cells, a lower molecular mass form containing a high- 
mannose oligosaccharide and a higher molecular mass form 
containing a complex oligosaccharide. 


Cell surface biotinylation 


AE! expressed in HEK-293 cells contained a high-mannose 
oligosaccharide that was not processed to a complex oligo- 
saccharide. This may be due to retention of the protein in the 
endoplasmic reticulum or to inefficient oligosaccharide pro- 
cessing as AE] moves through the secretory pathway. Cell sur- 
face biotinylation was used to determine the level of cell 
surface expression of the AEI mutants. Cells were treated with 
NHS-SS-biotin and the fraction of AEI that was biotinylated 
was determined by binding to streptavidin beads. The total. 
unbound and bound fractions were analysed for AE! by immuno- 
blotting (Figure 4). AE! could be biotinylated by treating intact 
transfected cells with the non-penetrating biotinylation reagent 
(Figure 4, left panel). The bound fraction of AEI was sensitive to 
endoglycosidase H (results not shown). The level of cell surface 
expression of AEI in HEK-293 cells, determined from the bound 
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Figure 5 Pulse—chase experiments using COS-7 cells transfected with the 
N555 glycoform 


Transfected cells were labelled with [S]methionine for 10 min followed by a chase for the 
indicated times, AL each time point cells were lysed with RIPA buffer and AE! was 
immunoprecipitated and samples were resolved by SDS/PAGE. The upper panel is an 
autoradiograph showing the time-dependent conversion of the high-mannose form (open circle) 
to the complex form (closed circle). The lower panel is a plot of the percentage of the complex 
oligosaccharide relative to the total oligosaccharide (complex plus high-mannose). 


fraction, was only 10°, The amount іп AEI remaining in the 
unbound fraction relative to the total, however, indicated a 
decrease of 30%. This suggests that release of the biotinylated 
protein from the beads was not very quantitative. No AE] 
bound to the resin without prior treatment of the cells with the 
biotinylation reagent (results not shown) and no АЕ! binding to 
Sepharose beads lacking streptavidin was detected, confirming 
the specificity of the labelling. The results suggest that a significant 
fraction (30?,) of human AE! had moved through the secretory 
pathway to the plasma membrane without extensive modification 
to its oligosaccharide. The presence of AE! at the cell surface is 
in agreement with functional assays that can measure Cl /HCO,,” 
exchange in intact cells [14] and similar biotinylation assays [20]. 

The N642D mutant could also be biotinylated, similarly to 
wild-type AEI (Figure 4, middle panel). The amount of АЕТ in 
the unbound fraction indicated that approx. 30°, of the N642D 
mutant was present at the cell surface. This result suggests that 
N-glycosylation of АЕТ is not a necessary requirement for cell- 
surface expression, in agreement with previous studies using AE] 
expression in Xenopus oocytes [21]. 

Cell surface biotinylation assays of the cells transfected with 
the N555 mutant showed that the upper band could be quanti- 
tatively biotinylated while the lower band could not (Figure 4, 
right panel). The upper band consists of a glvcoprotein that has 
moved through the secretory pathway and whose oligosaccharide 
was processed from high-mannose to complex. The lower band 
is АЕТ that is located in the endoplasmic reticulum and contains a 
high-mannose oligosaccharide. Based on the decreased amount of 


Anion exchanger trafficking and oligosaccharide processing 55 





A chase time 0 2 6 21 28 45 
(hour) rs ШТ 







| @ complex 
1 o high mannose 


12 34 5 6 


—9— complex 
—O— high mannose 


% Remaining 





0 5 10 15 20 25 30 35 40 45 SO 


Chase time (hours) 


Figure 6 Turnover of the N555 mutant in transfected COS-7 cells 


Transfected cells were labelled with [S]methionine for 90 min followed by a chase for the 
indicated times, as described in Figure 5. The upper panel is an autoradiograph showing 
the time-dependent loss of the high-mannose form (open circle) and the complex form (closed 
circle). The lower panel is a plot of the percentage of radiolabelled high-mannose and complex 
AE1 remaining, relative to the amount at the end of the labelling period. 


АЕТ in the unbound fraction, the level of cell surface expression 
of the №555 mutant was similar (30 °,) to that of wild-type AEI. 


Time course of oligosaccharide processing 


The biosynthetic relationship between the high-mannose and 
complex forms of the N555 mutant was examined by pulse-chase 
experiments. Figure 5 (upper panel) shows an immunoprecipitate 
of a whole-cell detergent lysate of transfected COS-7 cells that 
were labelled with [?S]methionine for 10 min and chased for the 
indicated intervals. The N555 mutant was initially synthesized as 
a lower molecular mass band that decreased in amount during 
the chase period with the concomitant appearance of a higher 
molecular mass form. The lower molecular mass form was 
sensitive to endoglycosidase H while the upper band was resistant 
(results not shown). The data indicate that there is a time- 
dependent conversion of a high-mannose form of the N555 
mutant into a complex oligosaccharide form, with a half-time of 
approx. 4 h (Figure 5, lower panel). This conversion reflects the 
transit time of the glycoprotein from its site of synthesis in 
the endoplasmic reticulum to the plasma membrane. Greater than 
75°, of АЕІ was converted from a high-mannose form into 
complex form over a 21 h period. This high percentage indicates 
' that there was nearly complete conversion of the high-mannose 
oligosaccharide into the complex form, and that very little degra- 
dation of the high-mannose form in the ER must have occurred 
over the time period. Similar pulse-chase experiments with wild- 
type AE] showed that the protein ran as a single band and that 
there was no conversion to a higher molecular mass form (results 
not shown). This band remained sensitive to endoglycosidase H 
indicating that it contained high-mannose oligosaccharide. 


Stability of N-glycosylation mutants 


In order to determine the stability of the N555 mutant, cells were 
labelled with [S]methionine for 90 min and then chased for up 
to 45 h (Figure 6). The amount of the complex form of the №555 
mutant initially increased due to continued conversion from the 
high-mannose form and then decreased with a half-life of approx. 
15 h. This long half-life indicates that the mature form of human 
AE] is quite stable in the plasma membrane of transfected cells. 
The high-mannose form of the N555 mutant also decreased 
during the chase period. In this case, the amount of radiolabelled 
high-mannose form present reflected a complex balance between 
conversion into the complex form, degradation within the ER and 
residual protein synthesis that may have occurred during the 
chase period. 


DISCUSSION 
N-glycosylation of anion exchangers 


AElisa member of a gene family of anion exchangers responsible 
for the electroneutral exchange of chloride and bicarbonate 
across cell membranes. Mammalian AE] proteins all contain a 
single site of N-glycosylation in the fourth extracellular loop, 
whereas AE2, AE3 and trout AEI contain N-glycosylation sites 
in the preceding extracellular loop. In the present study we have 
shown that oligosaccharide attached to the fourth extracellular 
loop of human AE] is retained as a high-mannose oligosaccharide 
in transfected cells. Mutants in which an N-glycosylation site is 
engineered into the third extracellular loop were processed to 
complex oligosaccharides at this site. Thus the processing of the 
oligosaccharide on human AEI is dependent on its location. 
Murine AE2, which contains N-glycosylation sites on the third 
extracellular loop, was processed to a complex oligosaccharide in 
transfected cells [13]. This site-dependence of N-glycosylation 
processing has also been observed for secreted proteins that 
contain high-mannose and complex oligosaccharides at different 
sites in the same protein [19]. 

The results presented in this paper show that transfected 
HEK-293 and COS cells are unable to efficiently process the 
oligosaccharide on human AE}, although the protein can move 
through the secretory pathway to the plasma membrane. In 
contrast, when the oligosaccharide is attached to Asn®** in the 
third loop it is readily processed to the complex form by both of 
these cell types. In a double N555/N642 mutant the results 
indicate that the oligosaccharide chain at Asn??? was processed 
while the oligosaccharide chain at Asn**? was not. This result 
shows that although AE! had moved through the secretory 
pathway to the plasma membrane, the site at Asn®* was 
refractory to modification to the complex form. An important 
feature of oligosaccharide processing is that cells vary in their 
ability to process certain glycoproteins [18]. Human AEI is 
normally processed to a complex oligosaccharide during red cell 
development [4]. In contrast, neither HEK-293 nor COS-7 cells 
were capable of efficiently processing the oligosaccharide chain 
of AE] at Аѕпё? HEK-293 cells are clearly not deficient in 
oligosaccharide processing enzymes, since the oligosaccharide at 
Asn??? in AEI can be converted into a complex oligosaccharide. 

The ability of an oligosaccharide chain to be processed depends 
on the degree of accessibility of the site to the processing enzymes 
in the Golgi [18,19]. We found that the oligosaccharide on 
extracellular loop 3 is more sensitive to cleavage by N-glycanase 
F than the oligosaccharide on loop 4. Extracellular loop 3 in 
human AE! is also accessible to cleavage by various proteases 
[22,23]. Moving extracellular loop 3 to other positions in AEI 
also resulted in production of a high-mannose glycoprotein in 
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transfected cells [12]. This suggests that 1t is the structure of loop 
3 rather than its position in the protein that restricts processing. 
The oligosaccharide at Asn*** on AEI may be a poor substrate 
for the processing pathway present in the transfected cells. 

In the human disease HEMPAS, red cell glycoproteins retain 
their high-mannose oligosacchande due to a deficiency in 
mannosidase II [8,10]. A mannosidase П knock-out mouse 1s 
unable to process N-linked oligosaccharide present on erythro- 
cyte glycoproteins, but can still process glycoproteins normally 
in other cells [11]. This suggests that mannosidase II is essential 
for the processing of oligosaccharide chains on glycoproteins in 
the erythroid lineage. In other cells an alternative pathway is 
proposed which bypasses the mannosidase II step. The results 
suggest that mannosidase II in transfected cells may not be able 
to process the oligosacchande attached to Asn*'*, AE] in 
transfected HEK-293 cells contains only high-mannose oligo- 
saccharide and therefore resembles AE] in HEMPAS red cells. 


AE1 trafficking to the plasma membrane 


The nearly complete conversion of the high-mannose form of the 
N555 mutant to the complex form shows that the intracellular 
fraction of AE] was fully competent for trafficking to the plasma 
membrane. These findings are in contrast with cystic fibrosis 
conductance transmembrane regulator (‘CFTR’), in which only 
a fraction of the protein moved to the plasma membrane [24,25]. 
The remainder was retained in the endoplasmic reticulum and 
degraded by a proteasome-mediated pathway [26]. The complex 
form of the N555 mutant present in the plasma membrane had 
a turnover of 15 h, showing that the mature AE] was relatively 
stable in transfected cells. 

The N555 mutant moved from its site of synthesis in the 
endoplasmic reticulum to the plasma membrane with a half-time 
of 4 h in transfected cells. This transit time 1s similar to the 2 h 
half-tme observed for murine AE2 in transfected cells [13] 
Pulse-chase experiments in murine spleen cells showed that AE] 
became endoglycosidase H resistant with a faster half-time of 
30 min [27]. Transfected cells, unlike pre-erythroid cells, may not 
contain all the specific proteins required for the efficient assembly 
of AE! [13]. AEI in HEK-293 cells interacts transiently with the 
chaperone calnexin, which may be involved in facilitating its 
folding and exit from the endoplasmic reticulum [28]. Evidence 
suggests that other proteins present in the red cell, such as 
ankyrin, glycophorin A, and Band 4.2, may be required for the 
assembly of AEI in the plasma membrane. Ankyrin has been 
reported [29] to associate with AEI in a pre-Golgi compartment 
in transfected cells, which may facilitate the exit of AEI from the 
endoplasmic reticulum. The trafficking of AE] to the plasma 
membrane in Xenopus oocytes is enhanced by co-expression of 
glycophorin A [30] while Band 3 from glycophorin-deficient red 
cells has an increased level of N-glycosylation, suggesting a 
reduced transit time through the Golgi [31,32]. Human erythro- 
leukemia K562 cells express endogenous glycophorin A and 
transfection of these cells with AEI using a retroviral system 
results in functional cell surface expression of AE1 [33] Erythro- 
cytes from AE1 knock-out mice are devoid of Band 4.2 [34] 
and glycophorin A [35], suggesting that both Band 4.2 and 
glycophorin A form a complex with AEI. 

AE! exists in mature red cells as а mixture of dimers and 
tetramers, the tetramers providing the binding site for ankyrin 
[36,37]. Ankyrin-deficient red cells lack Band 3 tetramers, 
suggesting that ankyrin is required for AE] tetramer formation 
[38]. Murine AEFI forms dimers in transfected cells [39] and the 
protein is functional 1n the endoplasmic reticulum [13]. As HEK- 
293 cells are deficient in ankyrin, tetramer formation was not 
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expected. In mouse erythroblasts AEI tetramers are formed in 
early erythroblasts, are found 1n the microsomal fraction and are 
subsequently incorporated into the plasma membrane [40]. 
Dimers present at the late stages of erythroid maturation move 
rapidly to the plasma membrane and can recycle to the micro- 
somal fractions. In chicken erythroblasts AEI initially moves to 
the plasma membrane in a high-mannose form and is then 
internalized and recycled to the Golgi, where АЕ! associates 
with ankyrin and the oligosaccharide 1s processed to a complex 
form [41]. The AEl—ankyrin complex then moves to the plasma 
membrane where the complex links to spectrin. The first stage is 
similar to what was observed in the present study, where the 
oligosacchande on human АЕ! escaped modification during 
the initial transit of the protein through the secretory pathway 
to the plasma membrane. Tetramer formation and ankyrin 
binding may be required for oligosaccharide processing of human 
AE1, which may occur during subsequent recycling of the protein 
from the plasma membrane to the Golgi. Tetramer formation 
may make human AE] a substrate for the processing enzymes, or 
perhaps tetrameric AE1 follows a different processing route back 
to the plasma membrane. The processing of the oligosaccharide 
on human AE! in transfected cells depends on the location of the 
oligosaccharide chain, showing that these cells contain the re- 
quired processing enzymes, but that the oligosaccharide at Аѕпё? 
in AEI is refractory to them. 
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Activation of phosphatidylinositol 3-kinase is required for transcriptional 
activity of F-type 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase: 
assessment of the role of protein kinase B and p70 S6 kinase 


Silvia FERNANDEZ DE MATTOS, Ellsabet ре Los PINOS, Manel JOAQUIN and Albert TAULER’ 
Departament de Bioquímica 1 Biologia Molecular, Div. IV, Facultat de Farmàcia, Unlversitat de Barcelona, Av. Diagonal 643, E08028 Barcelona, Catalunya, Spain 


Previous studies have demonstrated that the F isoform 
of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 
(6PF2K /Fru-2,6-BPase) is transcriptionally regulated by growth 
factors. The aim of this study was to investigate the importance 
of the phosphatidylinositol 3-kinase (PI 3-kinase) pathway in the 
regulation of 6PF2K/Fru-2,6-BPase gene expression. We have 
completed studies using chemical inhibitors and expression 
vectors for the proteins involved in this signalling cascade. 
Treatment of cells with LY 294002, an inhibitor of PI 3-kinase, 
blocked the epidermal growth factor (EGF)-dependent stimu- 
lation of 6PF2K/Fru-2,6-BPase gene transcription. Transient 
transfection of a constitutively active PI 3-kinase was sufficient to 
activate transcription from the F-type 6РЕ2К /Fru-2,6- BPase 
promoter. In contrast, co-transfection with a dominant-negative 
form of PI 3-kinase completely abrogated the stimulation by 
EGF, and down-regulated the basal promoter activity. In an 


attempt to determine downstream proteins that lie between PI 3- 
kinase and 6PF2K/Fru-2,6-BPase gene expression, the over- 
expression of a constitutively active form of protein kinase B 
(PKB) was sufficient to activate 6PF2K/Fru-2,6-BPase gene 
expression, even in the presence of either a dominant-negative 
form of PI 3-kinase or LY 294002. The over-expression of 
p70/p85 ribosomal S6 kinase or the treatment with its inhibitor 
rapamycin did not affect 6PF2K /Fru-2,6-BPase transcription. 
We conclude that PI 3-kinase is necessary for the transcriptional 
activity of F-type 6PF2K/Fru-2,6-BPase, and that PKB is a 
downstream effector of PI 3-kinase directly involved in the 
regulation of 6PF2K/Fru-2,6-BPase gene expression. 


Key words: fructose 2,6-bisphosphate, gene expression, glyco- 
lysis, LY 294002, signal transduction. 





INTRODUCTION 


Activation of the glycolytic pathway is common to such distinct 
processes as glucose metabolism in liver and cell proliferation. In 
all these processes, fructose 2,6-bisphosphate, a potent allosteric 
stimulator of 6-phosphofructo-1-kinase, determines the strength 
of glycolytic flux. The content of this metabolite is regulated by 
the bifunctional enzyme 6-phosphofructo-2-kinase/fructose-2,6- 
bisphosphatase (6PF2K /Fru-2,6-BPase; EC 2.7.1.105/3.1.3.46), 
which catalyses both its synthesis and its degradation. Various 
6PF2K/Fru-2,6-BPase isoenzymes have been described in 
different tissues. In rat, liver, muscle and F-type isoforms are 
encoded by the same gene arising from distinct promoters. These 
isoenzymes differ in their N-terminal sequences, regulation by 
phosphorylation and kinetic properties (for review see [1,2]). 
The expression of 6PF2K./Fru-2,6-BPase isoenzymes depends 
on cellular processes. The F-type isoform is more specific to 
proliferative tissues and is transcriptionally activated by growth 
factors [3—6]. In accordance with this, several binding sites for 
different transcription factors have been implicated in the regu- 
lation of this isoform during cell proliferation, such as binding 
sites for 5р1 and for members of the ets oncogene family located 
on the F promoter [4], and a binding site for the E2F transcription 
factor located in the first exon of F-type mRNA [5]. The 
signalling pathways that mediate growth-factor regulation of 
6PF2K/ Fru-2,6-BPase gene expression are not fully understood. 
Previously we have demonstrated that activation of mitogen- 


activated protein kinase (MAPK) is required for the stimulation 
of the transcription of 6PF2K/Fru-2,6-BPase by epidermal 
growth factor (EGF) [6]. However, this does not rule out the 
possibility that other pathways could also be involved in this 
regulation. 

A large body of evidence supports the hypothesis that the 
activation of the phosphatidylinositol 3-kinase (PI 3-kinase) 
pathway by growth factors or insulin mediates the expression of 
several metabolic genes [7—15]. An increase in PI 3-kinase activity 
occurs following ligand-induced autophosphorylation of the 
receptor in response to a wide range of extracellular stimuli. This 
results in the generation of membrane-restricted second 
messengers, phosphatidylinositides containing a 3’-phosphate. 
Recent studies have identified a number of downstream targets 
of these phospholipid products, including the serine/threonine 
kinases 3-phosphoinositide-dependent kinase 1 (PDK1), pro- 
tein kinase B (PKB) and, indirectly, p70/p85 ribosomal 
protein S6 kinase (p70***; for review see [16]). 

The aim of the present study was to investigate the role of PI 
3-kinase on the regulation of 6PF2K/Fru-2,6-BPase gene ex- 
pression. We now demonstrate that activation of PI-3 kinase is 
not only essential for the stimulation of the transcription of 
6PF2K /Fru-2,6-BPase by EGF, but is also required for basal 
transcriptional activity. We also show that PI 3-kinase action 
occurs through activation of PKB, which is activated upon 
generation of 3-phosphorylated inositol lipids, the products of PI 
3-kinase. 


Abbreviations used 6PF2K/Fru-2,6-BPase, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase, EGF, epidermal growth factor, MAPK, mitogen- 
activated protein kinase; РІ 3-kinase, phosphatidylinositol 3-kinase, PDK1, 3-phosphoinositide-dependent kinase 1, PKB, protein kinase B; p70, 
p70/p85 nbosomal S6 kinase; CAT, chloramphenicol acetyitransferase; FCS, foetal calf serum, AP-1, activator protein 1; mTOR, mammalian target of 


rapamycin 
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EXPERIMENTAL 
Materials 


Foetal calf serum (FCS), Dulbecco’s modified Eagle’s medium, 
and penicillin/streptomycin were from Bio-Whittaker. [a-**P]- 
dCTP (3000 Ci/mmol), p-threo-[dichloroacetyi-1-1*C]chloram- 
phenicol (56mCi/mmol) and Hybond-N membranes were 
from Amersham Pharmacia Biotech. The random-primer 
DNA-labelling kit was from Boehringer Mannheim. EGF was 
from Sigma. LY 294002 and rapamycin were from Calbiochem. 
Tfx-10, Transfast Reagents and luciferase assay system were 
from Promega. ExpressHyb Hybridization Solution was from 
Clontech. Phospho-specific PKB antibody was from New 
England Biolabs. Anti-Myc monoclonal antibody 9E10 and anti- 
р70%& polyclonal antibody were from Santa Cruz’ Biotechnol- 
ogy. p70*** substrate peptide was from Upstate Biotechnology. 
Other materials and chemicals were of the highest quality 
available 


Plasmid constructs 


The reporter-gene construct FpBLCAT3 [17] contains the 
HindlII/ BspmI 5'-flanking region of the F isoform of 6PF2K/ 
Fru-2,6-BPase cloned into pBLCAT3 plasmid and was provided 
by Dr A. Lange (University of Minnesota, Minneapolis, MN, 
U.S.A.). Expression vectors for the catalytic subunit of PI 3- 
kinase, including constitutively active p110* and kinase-dead 
pllOKR [18] were provided by Dr A. Klippel (Chiron Cor- 
poration, Emeryville, CA, U.S.A ). The expression vector for the 
constitutively active PKB/Akt, PK Bgag [19], was provided by 
Dr G. Evan (Imperial Cancer Research Fund Laboratories, 
London, U.K.) Expression vector for Myc-tagged wild-type 
PDK_1 [20] was provided by Dr B. Hemmings, and expression 
vectors for Myc-tagged wild-type p70°°X and Myc-tagged 
constitutively active p70%*E389D,E [20] were provided by 
Dr G. Thomas, both at the Friedrich-Miescher-Institut, Basel, 
Switzerland. 


Cell cultures 


Rat-1 fibroblasts and FTO-2B hepatoma cells were grown in 
Dulbecco's modified Eagle’s medium supplemented with 10% 
(v/v) FCS, 100 units/ml penicillin and 100 mg/ml streptomycin, 
in a 5% CO, humidified atmosphere at 37 °C. For experimental 
purposes, cells were subcultured in 100-mm dishes and made 
quiescent by maintaining them in medium supplemented with 
0.1% FCS for 48h After this, cells were preincubated for 
30 min in the presence of specific inhibitors, and were subse- 
quently treated with EGF-supplemented medium plus DMSO 
vehicle for 6—8 h. 


Transfection and chloramphenicol acetyttransferase (CAT) assays 


CsCl double-gradient centrifugation was used to prepare all 
plasmids for transfection. Rat-1 transient transfections were 
performed using either the Tfx-10 or the Transfast Reagent 
(liposome-mediated transfections). Cells were plated at 5.8 x 10° 
cells/60-mm culture dish or 1.45 x 10°/100-mm culture dish on 
the day before transfection. Transfections were performed by 
following the manufacturer’s protocol. FTO-2B hepatoma cells 
were transfected using the calcium phosphate/DNA co-pre- 
cipitation method as described previously [6]. Each plate con- 
tained pCMVS5 luciferase expression vector as an internal control 
and the total amount of plasmid was adjusted with empty 
pCMV S5 expression vector. Quiescence was achieved as described 
above, and the same treatment was performed before harvesting. 
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CAT activity determinations were carried out as described by 
Ausebel et al. [21]. 


RNA Isolation and analysis 


Total RNA was extracted from Rat-1 cells by the LiCl/urea 
method [22]. The RNA was dissolved 1n sterile water, and the 
concentration and purity of each sample were assessed by 
absorbance at 260 nm and by the 260 nm/280 nm ratio, re- 
spectively. The abundance of 6PF2K /Fru-2,6-BPase mRNA was 
measured by Northern-blot analysis using ExpressHyb solution 
according to the instructions of the manufacturer (Clontech), 
and a 1-kb EcoRI fragment isolated from pK B plasmid [23] was 
used as a probe. The integrity of the RNA was verified by 
observing the rRNA bands in ethidium bromide-stained gel 
under UV irradiation. The level of mRNA was evaluated by 
densitometric scanning of the autoradiogram and corrected for 
the amount of 18 S rRNA using a ribosomal cDNA probe. 


Kinase assays 


The cells were harvested in ice-cold lysis buffer (50 mM. Tris/ 
HCl, pH 8.0, 120 mM NaCl, 20 mM NaF, 10 mM Zf-glycerol 
phosphate, 1% Nonidet P40, 5 mM EGTA, 1 mM benzamidine, 
0.1 mM PMSF, 15 mM sodium pyrophosphate, 1 mM dithio- 
threitol, 1 mM Na,VO,, and 1 ug/ml each of aprotinin, leupep- 
tin and pepstatin), and kept on ice for 30 min. Endogenous or 
Myc-tagged p70*** was precipitated from 200 ug of cell extract 
by incubation for 2 h at 4 °C with 2 ug of rabbit polyclonal anti- 
p70*** (Santa Cruz Biotechnology) followed by 1 h at 4 °C with 
40 ul of 50% Protein A-Sepharose, or with 3 ир of Мус 
monoclonal antibody (9E10) and 40 ul of 50% Protein G- 
Sepharose. Samples were washed three times in ice-cold PBS 
containing 0 1 95 Nonidet P-40 and 2 mM Na,VO,, and once in 
assay buffer (20 mM Mops, pH 7.2, 25 mM f-glycerol phosphate, 
5 mM EGTA, 1 mM Na, VO, and 1 mM dithiothreitol). Immune- 
complex kinase assays were performed for 30 min at 37 °C in 
40 ul of assay buffer contaimung 50 4M p70%* substrate 
peptide and 50 uM [y-**PJATP (5 mCi/assay). Substrate-bound 
reactivity was collected by binding to p81 phosphocellulose 
paper and quantified by scintillation counting after rinsing with 
0 75% cold phosphoric acid. 


Immunoblotting 


Cell lysates were prepared as described above, and proteins were 
subjected to SDS/PAGE (10% gels). Proteins were transferred 
on to PVDF membranes. The blots were blocked with blocking 
solution (5% non-fat dried milk/Tris-buffered saline/Tween 20, 
pH. 7.5), washed with Tris-buffered saline/Tween 20 and then 
incubated with phospho-specific Akt antibody (1:1000 dilution) 
overnight at 4?C. After extensive washing, the blots were 
incubated with secondary antibody (1:5000 dilution) coupled to 


-horseradish peroxidase, and proteins were visualized with the 


ECL? detection kit (NEN Life Science Products). Equal loading 


.of each lane was confirmed by immunoblotting with actin 


antibody. 


~ Other methods 


Protein was determined as described by Bradford [24] with BSA 
as standard The statistical significance of differences was assessed 
by Student's unpaired / test. 


re 
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Figure 1 Effect of PI 3-kinase inhibitor LY 294002 on the stimulation of 
6PF2K/Fru-2,6-BPase gene expression by EGF 


(A) Quiescent Rat-1 fibroblasts were pretreated for 30 min with the indicated concentrations of 
LY 294002 and then cultured for 6 h with EGF (20 ng/ml) The carner for the inhibitors (DMSO) 
was added as a control Total RNA (20 ug/lane) was extracted from cultured cells and analysed 
by Northern blot (a representatrve Northern blot is shown above the graph) The intensity of the 
autoradiographic signal was quantified by densitometnc scanning and corrected for the amount 
of RNA obtained with the 18 S rRNA probe. Values are expressed relative to the value of 
untreated cells, which was considered as 1 arbitrary unit Data are means ES EM from three 


RESULTS 


The role of PI 3-kinase in the regulation of 6PF2K /Fru-2,6- 
BPase expression by growth factors was studied by measuring 
the effect of LY 294002 on the EGF-dependent stimulation of 
6PF2K /Fru-2,6-BPase mRNA levels. LY 294002 is a highly 
specific PI 3-kinase inhibitor that directly inhibits the activity of 
the p110 catalytic subunit of PI 3-kinase by competing with the 
ATP-binding site [25]. Rat-1 fibroblasts were made quiescent by 
maintaining them in 0.1 % FCS medium for 48 h and were then 
shifted to medium supplemented with EGF at 20 ng/ml. As 
shown in Figure (А), EGF produced a 2-fold increase in the 
levels of 6PF2K/Fru-2,6-BPase mRNA. The addition of LY 
294002 prior to EGF blocked this effect in a dose-dependent 
manner. To determine whether the regulation of 6РЕ2К /Fru- 
2,6-BPase mRNA levels was due to a regulation of its trans- 
criptional rate, Rat-1 cells were transiently transfected with a 
CAT reporter gene under the transcriptional control of a 1.7-kb 
genomic DNA fragment that contains the F-type promoter. As 
shown 1n Figure 1(B), EGF induced up to 2-fold basal CAT 
activity and LY 294002 repressed this induction. In the absence 
of EGF, the basal levels of GPF2K /Fru-2,6-BPase transcriptional 
activity were also inhibited by treatment with LY 294002. These 
results indicate that PI 3-kinase contributes positively to the 
activation of 6PF2K /Fru-2,6-BPase transcription. As a measure 
of the effect of LY 294002, we determined the phosphorylation 
state of PKB. We used Western blots probed with an antibody 
that specifically recognizes phosphorylation of Ser-473. As shown 
in Figure 1(C), EGF stimulated the phosphorylation of PKB in 
Ser-473 compared with non-treated cells. In contrast, cells 
pretreated with LY 294002 at 10 and 50 uM in the presence or 
absence of EGF contained no detectable phosphoprotein. 

A second strategy to investigate whether PI 3-kinase is both 
necessary and sufficient for EGF to activate 6PF2K/Fru-2,6- 
BPase gene expression involved the use of expression vectors for 
both the constitutively active (p110*) and the kinase-dead 
(p110KR) catalytic subunit of this enzyme. p110* was con- 
structed by joining the SH2 (Src homology 2) region of p85 to its 
N-terminus so that it no longer requires the interaction/ 
activation by p85, whereas р110К К carries a point mutation in 
the ATP-binding site [18]. Co-transfection experiments with 
these forms and the F-type 6PF2K /Fru-2,6-BPase promoter 
were performed in Rat-1 cells and CAT activity was determined 
in the presence or in the absence of EGF. Expression of p110* 
increased the transcriptional activity of F-type 6PF2K/ Fru-2,6- 
BPase gene 1n both the absence and the presence of EGF (Figure 
2A) In contrast, the dominant-negative form of PI 3-kinase, 
p110KR, reduced both basal and EGF-induced 6PF2K /Fru-2,6- 
BPase promoter activity To rule out the possibility that this 


independent experiments Statistically significant differences are indicated by “P< 005 
compared with EGF-treated cells (B) Quiescent Rat-1 fibroblasts transiently transfected with a 
CAT reporter gene under control of the F-type promoter were incubated for 30 min with the 
indicated concentrations of LY 294002 or rapamycin and then stimulated for a further 8 h with 
EGF (20 ng/ml)-supplemented meduim carrying DMSO as a vehicle The intensity of the 
autoradiographic signal was quantfied by densitometric scanning Values are normalized to 
luciferase activity and expressed relativa to the value of untreated calls, which was considered 
as 1 arbitrary unit Data are means-+SEM from five independent expenments. Statistically 
significant differences are indicated by ““P < 0001 and "Р < 005 compared with EGF- 
treated cells, and **P < 001 and +Р < 005 compared with untreated calls (С) Samples 
were obtained from cells pretreated for 30 min with the indicated concentrations of LY 294002 
and activated for 10 min with EGF Equal amounts of cell-lysate protein were subjected to 
SDS/PAGE followed by Western blotting as described in the Experimental section The 
phosphorylated site in PKB was detected with an antibody specific to phospho-Ser-473 
The contro! lane corresponds to Swiss 3T3 cells simulated with platelet-derived growth factor 
Equal loading was confirmed by immunoblotting with actin antibody 
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Figure 2 Effect of PI 3-kinase on EGF-stimulated 6PF2K/Fru-2,6-BPase 
transcriptional activity 


Rat-1 cells (A) and FTO-2B cells (B) were transiently transfected in 100-mm culture dishes with 
9 ug of F-type 6PF2K/Fru-2,6-BPase promoter—GAT fusion gene, and 24 ug of p110* or 
pi10KR expression vector as descnbed in the Expenmental section. Following transfection, 
cells were mantained in 01% FCS medium for 48 h and treated with 20 ng/ml EGF Calls were 
harvested 8 h after growth-factor addition CAT activity was assayed and values corrected for 
luciferase activity from the co-transfected pCM V5luciterase plasmid, and expressed as arbitrary 
units Data are means-+SEM from three independent experiments, Statistically significant 
differences are indicated by ““*P < 0 001 and *P < 0 05 compared with untreated cells, and 
+++ P< 0.001 and +P < 005 compared with EGF-treated cells 


effect was cell-specific, the same experiment was performed in 
the FTO-2B hepatoma cell line with similar results (Figure 2B). 
However, the activation of p110* on PF2K./Fru-2,6-BPase was 
lower and, in contrast, the inhibition of pl lOK R. was higher. 
To explore the link between the activation of PI 3-kinase and 
the observed up-regulation of 6PF2K/Fru-2,6-BPase gene ex- 
pression, we examined the role of PKB in this stimulation. PKB 
is a direct target of 3’-phosphorylated phosphoinositides, the 
products of PI 3-kinase activity. Once targeted to the mem- 
brane via its pleckstrin homology domain, PKB becomes 
phosphorylated and activated by PDK1 [26]. The dominant- 
negative form of PI 3-kinase, p110K R, was co-transfected with 
F-type 6PF2K /Fru-2,6-BPase promoter, PDK 1 expression vec- 
tor and a constitutively active form of PK B (PK Bgag), which is 
myristoylated and predominantly found at the plasma membrane 
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Figure 3 Effect of PKB/Akt on 6PF2K/Fru-2,6-BPase gene expression 
inhibited by РІ 3-kinase 


Expression vectors for the constitutively active p110* or the kinase-dead p110KR (08 ug), wiid- 
type (wi) РОК (08 ug) and the indicated amounts of the constitutively active PKBgag were 
co-transfected in Rat-1 fibroblasts (60-mm culture dish) with 3 ug of a CAT reporter gene under 
the contro! of the F-type promoter as described in the Expenmental section (A) Cel! extracts 
for assaying CAT activity were obtained 48 h after maintaining the ceils in 01% FCS medium 
Values were normalized to luciferase activity from co-transfected pCMYV5luciferase plasmid Data 
are means +-S.EM from three independent experiments Statistically significant differences are 
indicated by “*P< 001 and *Р < 005 compared with cells transfected with. FpBLCATS 
plasmid alone (B) Cell extracts for assaying CAT activity were obtained from quiescent 
transfected calls treated with the indicated amounts of LY 294002 for 8 h Values are normalized 
to luelterasa activity from co-transfected pCMV5luciferase plasmid Data are means + S E M 
from three independent experiments Statistically significant differences are Indicated by P < 
001 and "P < 005 compared with untreated cells transfected with FpBLCAT3 plasmid alone, 
and +P < 001 compared with untreated cells transfected with РОКІ wt plasmid 
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Figure 4 Effect of transfected p70** on 6PF2K/Fru-2,6-BPase gene 
expression 


(А) Ratt fibroblasts (60-mm culture dish) were transiently transfected with the expression 
plasmids for PDK1 wild-type (wt; 0.8 ий), p70 9 wt (0.8 ий), and the indicated amounts of the 
constitutively active p70 9 E389D,E, together with 3 до of a CAT reporter gene under 
the control of F-type promoter as described in the Experimental section. CAT activity was 
determined 48 h after maintaining the cells in 0.1% FCS medium. Values are corrected for 
luciferase activity from co-transfected pCMV5luciferase plasmid. Data are means + S.E.M. from 
three independent experiments. (B) Samples were obtained from cells transfected and treated 
as described above, and analysed for p70°°* activity as described in the Experimental section. 
Values are corrected by subtracting the value for control celis. 


[19]. The expression of PK Bgag repressed the inhibitory effect of 
pliOKR (Figure ЗА) and LY 294002 (Figure 3B). Indeed, the 
rate of activation of F-type 6PF2K /Fru-2,6-BPase trans- 
criptional activity obtained in the presence of both PKB and 
РОКІ was the same as with pl 10*. РКВ and РОКІ alone were 
also able to increase CAT activity but to a lesser extent than 
when added together. Thus PDK I and PKB can be considered as 
downstream effectors of PI 3-kinase directly involved in the 
regulation of 6PF2K/Fru-2,6-BPase gene expression. 

The ribosomal protein p70°°* has also been identified as a 
downstream effector of the PI 3-kinase signalling pathway [27]. 
The precise mechanism by which р70%% is regulated by РІ 
3-kinase is not fully understood, but it involves at least 
phosphorylation by РОКІ, the same kinase involved in PKB 
activation. To determine whether p70*** regulates 6PF2K/Fru- 
2,6-BPase gene expression, the effect of the over-expression of 
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Figure 5 Effect of p70°* inhibitor rapamycin on the stimulation of 
6PF2K/Fru-2,6-BPase gene expression by EGF 


(A) Quiescent Rat-1 fibroblasts were preincubated for 30 min with the indicated concentrations 
of rapamycin and then treated for 6 h with EGF (20 ng/ml). The carrier for the inhibitors (DMSO! 
was added as a control. Total RNA (20 ug/lang) was extracted from cultured celis and analysed 
by Northern blotting (a representative Northern blot is shown above the graph). The intensity 
of the autoradiographic signal was quantified by densitometric scanning and corrected Inr the 
amount of RNA obtained with the 18 S ТАМА probe. Data are means-+ S.E.M. from three 
independent experiments. (B) Samples were obtained from cells pretreated for 30 min with the 
indicated concentrations of rapamycin and activated for 10 min with EGF (20 ng/ml, and 
analysed for endogenous p70°* activity as described in the Experimental section. For both 
panels, values are expressed relative to the value of untreated cells which was considered as 
1 arbitrary unit. 


this kinase was evaluated by co-transfection experiments. For 
this purpose, expression vectors for the wild-type form of p70^**, 
p70***wt, and for the variant with acidic residues placed at Thr- 
389 and at the four (Ser/Thr)-Pro sites, p70*5 E389D, E, were 
used. The р70%Е3890,Е variant has high basal kinase activity 
and is more efficiently phosphorylated by РОКІ than the wild- 
type enzyme, further increasing its activity. Co-tranfection with 
РОКІ and either the wild-type form of p7(5* or the 
p70% E389D,E variant did not increase the transcriptional 
activity of the F-type promoter more than did РОКІ alone 
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(Figure 4A). Kinase assays ın vitro confirm that expression of 
increasing amounts of p70%*E389D,E increases p70?9* activity 
in a dose-dependent fashion (Figure 4B). 

A separate pathway contributing to p70?** activation involves 
the FKBP (FK506-binding protein) 12-rapamycin-associated 
protein [FRAP/mammalian target of rapamycin (mTOR)] 
In order to confirm the previous results, we measured the effect 
of the FRAP inhibitor rapamycin on the EGF-dependent stimu- 
lation of 6PF2K /Fru-2,6-BPase mRNA levels. Quiescent Rat-I 
fibroblasts were preincubated for 30 min with increasing concen- 
trations of rapamycin and then treated with medium supple- 
mented with EGF at 20 ng/ml. EGF increased the levels of 
6PF2K /Fru-2,6-BPase mRNA 2-fold (Figure 5A). The addition 
of rapamycin did not affect the enhancement of transcription by 
EGF at any of the concentrations tested. Kinase assays confirmed 
that rapamycin was able to block the activation of р70%& by 
EGF (Figure 5B). The same result was obtained in Rat-1 
fibroblasts transiently trasfected with a CAT reporter gene under 
the transcriptional control of the F-type promoter; the EGF- 
dependent stimulation of 6PF2K /Fru-2,6-BPase transcriptional 
activity was insensitive to 100 nM rapamycin (Figure 1B) These 
results suggest that the serine/threonine kinase p70*** is not 
involved ın the regulation of 6PF2K/Fru-2,6-BPase gene ex- 
pression. 


DISCUSSION 


In order to activate the glycolytic flux, transcriptional activity of 
the F-type isoform of 6PF2K /Fru-2,6-BPase enzyme increases 
during cell proliferation [5,6]. The signal-transduction pathways 
that lead to this activation are still unclear. Previously we 
reported the involvement of the MAPK cascade in this regulation 
[6]; however, this result does not rule out the involvement of 
other pathways. Here we examined the ability of PI 3-kinase 
pathway to regulate the transcriptional activity of the specific 
proliferative isoform of 6PF2K /Fru-2,6-BPase enzyme. 

By using a PI 3-kinase-specific inhibitor, LY 294002, we have 
demonstrated that activation of this kinase was essential for the 
EGF-stimulated increase in 6PF2K/Fru-2,6-BPase mRNA 
levels. Transient transfection of a constitutively active PI 3- 
kinase was sufficient to activate transcription from the F-type 
6PF2K/Fru-2,6-BPase promoter. In contrast, co-transfection 
with a dominant-negative form of PI 3-kinase completely ab- 
rogated the stimulatory effect of EGF and down-regulated the 
basal promoter activity. These results indicate that activation 
of PI 3-kinase is necessary and sufficient for activation of 
6PF2K/Fru-2,6-BPase gene expression, irrespective of the cell 
type. The small differences found in response to PI 3-kinase in 
the different cell lines could be due to the different levels of 
endogenous PI 3-kinase activity either in the basal or in the 
EGF-stimulated conditions. 

In an attempt to obtain further insights 1nto specific pathways 
that lie between PI 3-kinase and 6PF2K/Fru-2,6-BPase gene 
expression, we evaluated the effect of p703** and PKB, both 
serine/threonine kinases that are activated by PI3-kinase Our 
results demonstrate that over-expression of p70*** does not 
affect 6PF2K/Fru-2,6-BPase gene expression. In contrast, a 
constitutively active form of PKB was sufficient to activate 
6PF2K/Fru-2,6-BPase gene expression, even in the presence of a 
dominant-negative form of PI 3-kinase. There is controversy as 
to the mechanism by which PKB is activated. The generation of 
phosphatidylinositides containing а 3’-phosphate by PI 3-kinase 
has been implicated not only in the translocation of PKB to the 
membrane, but also in the modulation of its activity [29,30]. 
However, other reports suggest that this modulation occurs 
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through a phosphorylation-dependent mechanism involving a 
specific kinase, РОКІ [26]. In order to ensure full PKB activity, 
in some cases PKB was co-transfected together with РОКІ. 
Interestingly, the finding that overexpression of PDK1 alone 
significantly activated the 6PF2K/Fru-2,6-BPase promoter 1s 
consistent with the role of this kinase in the activation of 
endogenous PKB. However, other possibilities should be con- 
sidered. In fact, РОКІ can phosphorylate and activate р70% in 
vivo, although we have shown that this kinase is not involved in 
the regulation of 6PF2K /Fru-2,6-BPase expression, but it could 
also mediate the activity of members of the AGC (protein 
kinases A, G and C) family of Ser/Thr kinases [20] The effect of 
PDK1 is partially abolished by LY 294002, suggesting that 
changes in the concentration of basal levels of phosphatidyl- 
inositides 3’-phosphate could regulate РОКІ activity, as has 
been suggested by others [31]. 

PI 3-kinase has recently been implicated in the regulation of 
enzymes that control metabolic processes In some of them, PK B 
1s 1nvolved as a downstream effector; this is the case for fatty acid 
synthase [11], phosphoenolpyruvate carboxykinase [12], GLUT4 
transporter [7] and glycogen synthase kinase-3 [9]. In contrast, 
the p70°°*-dependent pathway is required for the regulation of 
glucose-6-phosphate dehydrogenase [14] and hexokinase II [15]. 
Thus PI 3-kinase 1s a point of divergence in metabolic signalling. 
The direction of divergence depends on the nature of the signal, 
the function of the enzyme and the cell type. From the results 
presented here, we have demonstrated that PI 3-kinase and PK B 
are Involved in the transcriptional regulation of the proliferation- 
specific isoform of the 6PF2K /Fru-2,6-BPase enzyme. Further 
work 1s needed on the identification of proteins downstream of 
PKB, including transcription factors that could bind to reg- 
ulatory elements of these metabolic enzymes. It has been reported 
that activated forms of PKB and glycogen synthase kinase-3 are 
translocated to the nucleus, where they may modify the activity 
of nuclear factors [32—34]. In concordance with this, ıt has been 
established that PKB can substitute for interleukin-2 or PI 3- 
kinase and induce the transcriptional activity of E2F tran- 
scription factors in Kit225 cells by regulating the cellular levels of 
the cyclin/cdk inhibitor p27*?! [35]. In addition, expression of 
cyclin DI, which can modulate E2F release from the retino- 
blastoma protein pRB, is mediated by PI 3-kinase through 
mTOR-p70*?*-;independent signalling in growth-factor-stimu- 
lated NIH-3T3 fibroblasts [36]. Enhancement of transcriptional 
activity of activator protein 1 (AP-1) is also mediated by PI 
3-kinase in JB6P* cells [37]. Interestingly, sequence analysis of 
F-type 6PF2K/Fru-2,6-BPase promoter reveals the presence 
of DNA-binding sites for E2F and АР-1, suggesting a hypo- 
thetical role for these sequences. 

The fact that PI 3-kinase and MAPK pathways are both 
implicated in F-type 6PF2K /Fru-2,6-BPase trancriptional regu- 
lation is not surprising. The transcriptional activities of E2F and 
AP-1 are regulated by both pathways [36—40]. In addition, there 
is good evidence of interaction of these pathways upstream of the 
transcriptional response. For example, 1t has been shown that 
Ras can interact and stimulate the PI 3-kinase catalytic subunit 
in a GTP-dependent manner and is required for its optimal 
activation in response to growth factors [41]. Furthermore, the 
kinase activity of PI 3-kinase y is necessary for the activation of 
Erk2/MAPK through МЕКІ (extracellular-signal-regulated 
kinase/MAPK kinase) [42]. At present, it is not clear how 
important the synergetic interaction of PI 3-kinase and MAPK 
pathways ıs in the regulation of F-type 6PF2K /Fru-2,6-BPase 
enzyme. However, we cannot rule out the possibility that both 
pathways could act independently on the F-type 6PF2K /Fru- 
2,6-BPase promoter. 
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Plasmodium, the aetiologic agent of malaria, cannot synthesize 
purines de novo, and hence depends upon salvage from the host. 
Here we describe the molecular cloning and functional expression 
in Xenopus oocytes of the first purine transporter to be identi- 
fied in this parasite. This 422-residue protein, which we designate 
PfENT1, is predicted to contain 11 membrane-spanning segments 
and is a distantly related member of the widely distributed 
eukaryotic protein family the equilibrative nucleoside trans- 
porters (ENTs). However, it differs profoundly at the sequence 
and functional levels from its homologous counterparts in the 
human host. The parasite protein exhibits a broad substrate 
specificity for natural nucleosides, but transports the punne 
nucleoside adenosine with a considerably higher apparent affinity 


(K,, 0.32 +0.05 mM) than the pyrimidine nucleoside uridine (K,, 
3.5+1.1 mM). It also efficiently transports nucleobases such as 
adenine (K, 0.32+0.10mM) and hypoxanthine (K, 0.41+ 
0.1 mM), and anti-viral 3’-deoxynucleoside analogues. More- 
over, it is not sensitive to classical inhibitors of mammalian 
ENTs, including NBMPR {6-{(4-nitrobenzyl)thio]-9--p-ribo- 
furanosylpurine, or nitrobenzylthioinosine} and the coronary 
vasoactive drugs, dipyridamole, dilazep and draflazine. These 
unique properties suggest that PYENT1 might be a viable target 
for the development of novel anti-malarial drugs. 


Key words: adenosine, hypoxanthine, malaria, protozoa, trans- 
port. 





INTRODUCTION 


Malaria, resulting from infection by species of Plasmodium, is 
responsible for the highest mortality of any parasitic disease. 
This protozoan parasite causes more than 300 mullion clinical 
cases per annum, resulting in more than 1.5 million deaths 
worldwide 1n tropical and subtropical areas [1], with the species 
Plasmodium falciparum responsible for the majority of deaths. 
Unfortunately, resistance to existing anti-malarial drugs is 
spreading rapidly. Consequently in some areas, such as Southeast 
Asia, treatment options are becoming increasingly limited [2]. 
The identification of new drug targets is therefore an important 
goal, and is one of the key obiectives of the Malaria Genome 
Sequencing Project [3]. 

Unlike many mammalian cells, the intra-erythrocytic stages of 
Plasmodium are incapable of de novo synthesis of the purine ring, 
and so are dependent upon salvage pathways for purine nucleo- 
tide synthesis from host precursors. The latter in particular 
include the nucleoside adenosine and the nucleobase hypo- 
xanthine [4]. Purine transport and metabolism are therefore of key 
importance as potential targets for the development of new anti- 
malarial drugs. Several enzymes in the purine salvage pathway 
have been characterized and their genes cloned, including most 
recently GMP synthase [5]. However, Plasmodium purine trans- 
porters have not hitherto been characterized in detail. 

In contrast with tbe dependence on purine salvage, Plasmodia 
rely on de novo pyrimidine synthesis and salvage has not been 


$~ observed. This may be due to either lack of uptake or deficiency 


of salvage enzymes. Several of the currently used anti-malarial 
drugs target de novo pyrimidine metabolism in Plasmodium via 
effects on the folate pathway or upon the ubiquinone-based 
electron-transport system [4]. For example, sulfadoxine is an 
inhibitor of the protozoan dihydropteroate synthase, while 
pyrimethamine and cycloguanil inhibit dihydrofolate reductase. 

In eukaryotes, the cellular uptake of purine nucleosides is 
brought about by members of the concentrative nucleoside 
transporter (CNT) and equilibrative nucleoside transporter 
(ENT) families [6]. The mammalian ENT transporters, which are 
more widely distributed than the CNT transporters, can be 
subdivided further into two subclasses on the basis of their 
sensitivity to the transport inhibitor 6&-[(4-nitrobenzyl)thio]-9- 5- 
p-ribofuranosylpurine (nitrobenzylthicinosine, NBMPR) [7,8]. 
Transporters of the es (equilibrative sensitive) subclass are 
inhibited by nanomolar concentrations of NBMPR (К, 0.1- 
10 nM) In contrast, transporters of the e: (equilibrative in- 
sensitive) subclass are relatively insensitive to NBMPR even at 
micromolar concentrations. In general, transporters of the es 
type are also inhibited potently by the coronary vasodilators 
dipyridamole, dilazep and lidoflazine analogues, such as 
draflazine, whereas ei-type transporters are less sensitive to these 
inhibitors [7,8]. 

An equilibrative adenosine transporter related to the mam- 
malian ENTs has recently been identified in the protozoan 
parasite Toxoplasma gondii [9]. Members of the ENT family have 
also been identified in the parasitic kinetoplastid protozoa 
Trypanosoma and Leishmania, but in these organisms they appear 


Abbreviations used AZT, 3’-azido-3’-deoxythymidine, CCCP, carbonyl cyanide m-chlorophenylhydrazone, CNT, concentrative nucleoside 
transporter; ddC, 2’,3’-dideoxycytidine, ddl, 2’,3-dideoxyinosine, ei, equilibrative insensitive, ENT, equilibrative nucleoside transporter, hENT, human 
ENT, PfENT1, Plasmodium falciparum ENT 1, es, equilibrative sensitive, NBMPR, 6-[(4-nitrobenzyl)thio]-9-£-p-ribofuranosylpunne; TM, transmembrane 
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Figure 1 PfENT1 is a member of the ENT family of nucleoside transporters 


(A) Alignment of the predicted amino acid sequence of PIENTI with those of nucleoside transporters from Taxopiasma gondii (TgAT, GenBank accession по AF061580), 7rypanosoma bruce (the 
~ Р2Аурв transporter TBATI,.AAD45278), Homo saprens (ПЕМТ1, AAC51103, and hENT2, AAC39526), Arabidopsis thaliana (F1701 13, AAC18807), Caenorhabditis elegans (7К809 4, CAA92642) 
= and Saccharomcyes cereviswe (FUN26, 536712) The positions of putative transmembrane reglons are shown by the boxes, and residues identical in four or more of the sequences are indicated 

by black shading (В) Topographical modet of PENTI Potential membrane-spanning a-helices are numbered and the potential sites of N-glycosylation Indicated by asterisks The positions of basic 

- (Arg, Lys, His), acidic (Asp, Glu) and polar but uncharged residues (Ser, Thr, Gln, Asn) are indicated by +, — and @ respectively (D) Phylogenetic trea showing relabonships between PIENTI 
and homologues in other eukaryotes If addition to those detailed in (A), these include tha rat transporters rENT1 (accession по AAB88049) and rENT2 (AAB88050), the P1-type transporter TONT2 
from 7 Алое (AF153409), the Leshmania donovani transporter LANTI 1 (AF065311) and the putative С elegans transporters F16H11 3 (AAA98003), САТАА 2 (accession no for cosmid C47A4 

Б 782263) and KO2E11 1 (CABO1223) Genetic distances were estimated using the program Protdist (Categories moda!) and the phylogeny was estimated from the resultant distance matrix using 

the program Fitch, роб programs forming part of the PHYLIP package, version 3 5c [40] 
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to function as active transporters, catalysing the symport of 
nucleosides (and in some instances also nucleobases) with protons 
[6,10—13]. Additional transporter families specific for nucleobases 
have also been characterized by molecular cloning in fungi [14], 
but representatives of these families have not so far been identified 
definitively as functional nucleobase transporters ın either 
mammals or protozoa. 

In the Plasmodium-infected erythrocyte, the permeability of 
the host cell membrane to purine nucleosides and other organic 
solutes 15 markedly increased via the induction of a non-saturable 
permeation pathway, which has been the subject of intensive 
investigation [15]. Much less is known about the transport 
characteristics of the parasite plasma membrane itself. However, 
expression of mRNA from the asexual stages of P. falciparum in 
Xenopus oocytes has provided evidence that the parasite genome 
encodes nucleoside, nucleobase, monocarboxylate and hexose 
transporters [16], and an example of the last has recently been 
cloned [17]. In the present work, we have exploited the public 
availability of sequence information from the Malaria Genome 
Sequencing Project to clone, express and characterize a novel 
nucleoside/nucleobase transporter from P. falciparum. It may be 
possible to exploit the functional characteristics of this protein, 
which differ substantially from those of 1ts mammalian counter- 
parts, for the development of new anti-malarial drugs. 


MATERIALS AND METHODS 
DNA cloning and analysis 


The coding region of the predicted PfENTI gene (coding for the 
P. falciparum ENT 1 protein) was amplified by PCR from P. 
falciparum (strain 3D7) genomic DNA using Pwo polymerase 
and primers PLFAI (5'-CGAGGATCCAAAAATGAGTACC- 
GGTAAAGAGTC-?) and PLFA2 (5'-CGAGAATTCTTATT- 
GTGTTACATCGATGGGTGG-3’), corresponding to the 5’ 
and 3’ ends of the region respectively. Reactions were cycled with 
the following parameters: 96 °C for 5 min; 96 °C for 30 s, 60 °C 
for 30s, 68 °C for 3 min for 25 cycles; 68 °C for 3 min The 
resultant z 1.3-kb fragment was subcloned into the Xenopus 
expression vector pGEM-HE [18] using BamHI and EcoRI 
restriction sites (underlined above) incorporated into the 5’ ends 
of PLFAI and PLFA2 respectively to yield the construct 
pGEMHE-PfENTI. The entire coding region of the insert was 
sequenced at least once on both strands by Tag DyeDeoxy 
terminator cycle sequencing using an Applied Biosystems model 
373A sequencer. 


Gene organization and expression 


P. falciparum (strain 3D7) was maintained in culture with human 
erythrocytes (5% haematocrit) in RPMI 1640 (Life Tech- 
nologies) supplemented with Hepes, sodium bicarbonate and 
human serum (10 %) under standard conditions [19,20]. Genomic 
DNA was isolated using a standard protocol from saponin-lysed 
infected erythrocytes [21]. For Southern blotting, samples of 
genomic DNA (10 wg) were digested with 30 units of the 
appropriate restriction enzyme and blots were hybridized, using 
standard protocols [21], with a probe corresponding to the 
coding region of the PfENTI gene. The [a-?*P]dCTP-labelled 
probe was prepared by random priming using the RTS RadPrime 
DNA. Labelling System (Life Technologies). For reverse-trans- 
criptase PCR, Plasmodium RNA isolation and first-strand cDNA 
synthesis using either random hexamers or oligo(dT) was per- 
formed as described previously [22]. PCR amplification of 
PIENTI cDNA (20 ng) was then performed using Pwo poly- 
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merase, the primers PLFA1 and PLFA2 and the cycling para- 
meters described above. 


Xenopus expression and nucleoside/nucleobase-uptake assays 


Plasmid pGEMHE-PfENT1 was linearized with Nhel and trans- 
cribed with T7 polymerase in the presence of ""GpppG cap 
using the mMESSAGE MACHINE? (Ambion) transcription 
system. Remaining template was removed by digestion with 
RNase-free DNase 1. Oocytes were treated with collagenase to 
remove follicular layers [23] and then injected with 23 nl of water 
alone or with 23 nl of water containing 1 mg/ml РЕМТІ RNA 
transcript. Injected oocytes were maintained for 2 days in 
modified Barth's medium containing 5% horse serum, and then 
uptake of radiolabelled nucleoside and nucleobase compounds 
was measured ([5,6-*H]uridine and [2,8-*H]adenosine were from 
NEN? Life Science Products, Hounslow, Middx., U.K., [8- 
^ CJadenine and [2-1*C]uracil were from ICN Pharmaceuticals, 
Basingstoke, Hants., U.K.; [*H]gemcitabine (2’,2’-difluoro-2’- 
deoxycytidine) was from Eli Lilley and Co., Indianapolis, IN, 
U.S.A.; all other compounds, Amersham, Arlington Heights, 
IL, U.S.A. or Moravek, Brea, CA, U.S.A,}. 

Uptake assays were performed at 20 °C on groups of 10-12 
oocytes in transport buffer (0.2 ml) containing 100 mM NaCl (or 
100 mM choline chloride) and 2 mM KCl, 1 mM CaCl, 1 mM 
MgCl, and 10 mM Hepes, pH 7.5. In adenosine-uptake experi- 
ments, the transport buffer contained 1 uM deoxycoformycin to 
inhibit adenosine deaminase activity. For experiments involving 
NBMPR, dilazep, dipyridamole and draflazine, oocytes were 
preincubated for 1h with inhibitor before the addition of 
permeant At the end of the uptake period, extracellular label 
was removed by six rapid washes with ice-cold transport buffer. 
Individual oocytes were dissolved in 5% (w/v) SDS for quanti- 
fication of radioactivity by liquid-scintillation counting. The 
influx values reported represent the means+S.E.M. for 8-10 
oocytes. Each experiment was performed at least twice on 
different batches of oocytes, with similar results, and a rep- 
resentative example is illustrated. Apparent К, and Vaar values 
for substrate influx were determined by non-linear regression 
analysis (FigP, Elsevier- Biosoft). 


RESULTS 
Cloning of a Plasmodium ENT homologue 


Nucleoside transporters do not appear to be encoded by any of 
the genes present in P. falciparum chromosomes 2 and 3, the 
complete nucleotide sequences of which have been published 
[24,23]. We therefore used the on-site BLAST server at the 
Sanger Centre, Cambridge, U.K., to search the unfinished 
sequence data arising from the Malana Genome Sequencing 
Project (http://www.sanger.ac.uk/Projects/P. falciparuni/) for 
sequences homologous to the ENT or CNT families. This 
approach led to the identification of fragments encoding a 
putative ENT homologue in the shotgun-read sequence database 
for chromosome 13. By searching the database for overlapping 
fragments it proved possible to assemble the complete coding 
region of a putative nucleoside-transporter gene. PCR was used 
to amplify the corresponding region from genomic DNA of P. 
falciparum clonal strain 307, yielding a fragment of apparent 
size 22 1.3 kb. Following its subcloning into the vector pGEM- 
HE [18], the complete nucleotide sequence of the fragment was 
determined (GenBank accession no. AF221844) and found to be 
identical to that assembled from the chromosome 13 shotgun- 
read sequence database. 
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Figure 2 Southern blot of PIENTI in genomic DNA 


P. falciparum genomic DNA (10 ug) was digested with EcoRI (lane 1), А7701 (lane 2), Dral 
(lane 3), Хра! (lane 4), EcoRV (lane 5) and Apni Gane 6), and blots were hybridized with a 
S?P-labelled probe corresponding to the coding region of P/ENT7. The mobilities of standards 
of known size (kb) are indicated on the left. 


In order to examine the structure of the gene encoding the 
transporter, which we have designated PfENTI, reverse-trans- 
criptase PCR was used to analyse mRNA obtained from the 
asexual blood stages of P. falciparum. Amplification of cDNA, 
prepared by reverse transcription. using either oligo(dT) or 
random hexamer oligonucleotides, with primers corresponding 
to the 5 апа 3’ ends of the predicted coding region (PLFAI and 
PLFA2 respectively), yielded a product of x 1.3 kb, identical 
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Figure 3 Functional expression of PfENT1 in Xenopus oocytes 
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with that obtained by amplification of genomic DNA (results not 
shown). This finding confirmed the predicted absence of introns 
in the PIENTI gene, and indicated that the gene is expressed 
during the intra-erythrocytic stage of the Plasmodium life cycle. 

The PfENT/ gene contains a 1266-bp open reading frame 
encoding a 422-residue protein, PTENTI, of predicted M, 47631 
(Figure ІА). PfENTI is predicted by the hidden Markov model 
procedure of Sonnhammer et al. [26] to possess I] trans- 
membrane (TM) segments, with the hydrophilic N-terminal 
region of the protein and a hydrophilic central loop being 
cytoplasmic (Figure 1B). While two of the five potential N- 
glycosylation sites in the sequence are predicted to lie on the 
exofacial surface of the membrane, their proximity to the start of 
putative TM8 suggests that they are unlikely to be glycosylated 
in vivo. The presence of characteristically conserved sequence 
motifs, especially in the putative membrane-spanning segments 
(Figure ІА), confirms that PPENTI is a distantly related member 
of the ENT family ofequilibrative nucleoside transporters (Figure 
ІС), despite sharing only about 18°, amino acid sequence 
identity with known mammalian, nematode, yeast and protozoan 
nucleoside transporters. Striking differences between PfENTI 
and most of the other family members are the relative shortness 
of the putative extramembranous regions connecting TMI and 
ТМ? [4 residues compared with 41 in human ENT (hENT) H 
and TM6 and TM7 (35 residues compared with 66 residues in 
hENTI1). 

In the genomes of mammals, nematodes and kinetoplastid 
protozoa, families containing two or more related ENT genes 
have been identified [6,10—12]. In order to establish whether а 
similar situation exists in Plasmodium, Southern blots of P. 


falciparum genomic DNA were hybridized with a probe cor- 


responding to the coding region of PfENT/. Even at low 
stringency the restriction digests, with the exception of EcoRV. 
which cleaves within the gene (and Dral, which generates 
fragments too small to be detected), yielded a single band (Figure 
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(Left-hand panel) Time course for uptake of 0.1 mM ["Hjadenosine in oocytes injected with water alone (©) or water containing 23 ng of PIENTI transcript (€). (Right-hand panel) Concentration 
dependence of (^Hladenosine uptake by oocytes injected with water alone (©) or water containing PIENTI transcript (@). Inset, mediated transport (influx of adenosine in RNA-injected oocytes 


minus that in water-injected oocytes). 
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2). This finding suggests that PENTI 1s the sole representative of 
the ENT gene family 1n Plasmodium. 


Functional characterization of PfENT1 


To investigate functional properties, РЕЕМТІ recombinant pro- 
tein was expressed in Xenopus oocytes, which lack endogenous 
nucleoside-transport activity [27]. The rate of adenosine uptake 
was measured for comparison with mammalian homologues As 
shown in Figure 3 (left-hand panel), the initial rate of uptake of 
the purine nucleoside [?H]adenosine (0.1 mM, 20 °C) was much 
greater in oocytes injected with РҒЕМТІ RNA transcripts than in 
oocytes injected with water. Uptake of adenosine (and of the 
other nucleosides described below) was essentially linear for 1 h, 
and so m subsequent experiments uptake periods of either 
30 min (for assessment of substrate specificity) or of 10 min (for 
measurement of kinetic parameters) were employed in order to 
approximate initial rates of transport. PEENT1-mediated influx 
of the purine nucleoside adenosine, defined as the difference in 
uptake between RNA-injected and water-injected oocytes, was 
saturable and conformed to simple Michaelis-Menten kinetics 
(Figure 3, right-hand panel). The apparent K, value for adenosine 
(0.32+0 05 mM) was somewhat greater than values reported 
previously for mammalian cells (0.05-0.15 mM) [28]. PIENTI 
also mediated the uptake of the pyrimidine nucleoside uridine. 
Interestingly, whereas the V a. value for uridine uptake was 
somewhat greater than that for adenosine (358 + 38 and 
228 + 13 pmol/oocyte/10 min, respectively), the apparent affinity 
for the pyrimidine nucleoside was considerably lower, the 
measured K, for uridine uptake (3.5+1.1 mM) being 10-fold 
greater than for adenosine (results not shown). 


Substrate selectivity of PfENT1 | А 


The substrate selectivity of РҒЕМТІ was examined further by 
direct measurements of the mediated influx of a range of natural 
nucleosides and nucleobases, which were tested at a concentration 
of 0.1 mM. Figure 4 (top panel) shows that, like its mammalian 
counterparts [6], РҒЕМТІ exhibits a broad substrate specificity 
for purine and pyrimidine nucleosides, with the exception of 
cytidine, which is poorly transported. Cytidine has also been 
shown to be a relatively poor competitive inhibitor of rat ENT 
2 (rENT2)-mediated uridine transport [29]. Surprisingly, PPENT1 
was in addition found to transport a wide range of purine and 
pyrimidine nucleobases, including cytosine (Figure 4, top panel). 
In order to characterize this nucleobase-transport activity in 
more detail, the concentration dependence of PPENT 1-mediated 
adenine transport was compared with that of the corresponding 
nucleoside, adenosine. As illustrated in Figure 4 (middle panel), 
mediated uptake of adenine was saturable, and the apparent K,, 
for the uptake process (0.32 +0.10 mM) was essentially identical 
with that for adenosine. The rates of adenine and adenosine up- 
take at a substrate concentration of 0.1 mM, measured using a 
single batch of oocytes, were also simular (Figure 4, top panel), 
suggesting that the turnover numbers for transport of the 
nucleobase and nucleoside are comparable. PfENT1-mediated 
uptake of the physiologically important nucleobase hypoxanthine 
was also found to be saturable (results not shown), and the 
apparent K, for the uptake process (К, 0.41 +0.1 mM) was 
similar to that for adenine. These properties of PFENT1 contrast 
with those ofits mammalian homologues: the human erythrocyte 
transporter ҺЕМТІ does not transport nucleobases, and whereas 
the ei-type transporter hENT2 is capable of transporting hypo- 
xanthine and other nucleobases, it exhibits.generally lower ap- 
parent affinities for these substrates than for the corresponding 
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nucleosides (S. Y. M. Yao, C. E. Cass, S A. Baldwin and J. D 
Young, unpublished work). 

In addition to transporting natural nucleosides, the mam- 
malian es-type transporters catalyse the cellular uptake of 
nucleoside analogues used in cancer chemotherapy. These include 
the purine nucleoside drugs fludarabine (9-f-p-arabinosyl-2- 
fluoroadenine) and cladribine (2-chloro-2’-deoxyadenosine) and 
the pyrimidine nucleoside drug gemcitabine (2’,2’-difluoro-2’- 
deoxycytidine) [6,30]. РҒЕМТІ resembles the mammalian tran- 
sporters ın its ability to transport these anti-cancer nucleoside 
drugs, with an efficiency similar to that for uridine (Figure 4, 
bottom panel). However, unlike the mammalian transporters, 1t 
also efficiently transports the anti-viral nucleoside analogues 3'- 
azido-3’-deoxythymidine (AZT), 2’,3’-dideoxycytidine (dd C) and 
2’ ,3’-dideoxyinosine (ddI) (Figure 4, bottom panel). These drugs 
have been reported to be very poor or negligible substrates for 
the mammalian es-type ENTs [31—35]. 


Cation-dependence and inhibitor-sensitlvity of PfENT1 


Whereas the mammalian members of the ENT family function as 
passive, facilitated diffusion systems, those homologues that 
have been cloned from the protozoan parasites Leishmania and 
Trypanosoma appear to act as proton symporters [10—13]. 
Members of the CNT family of nucleoside transporters also 
catalyse the symport of nucleosides with cations, these being 
sodium ions in the case of the mammalian transporters and 
protons in the case of the bacterial transporters [6]. Inwardly 
directed concentration gradients for both protons and sodium 
ions have been measured across the intra-erythrocytic Plas- 
modium plasma membrane [15], and could potentially provide a 
driving force for nucleoside uptake via PfENTI. To investigate 
this possibility, 1nitial rates of adenosine uptake by oocytes 
expressing the transporter were measured in sodium-containing 
buffer at different pH values in the range 5.5-8.5, and also in 
a buffer in which sodium ions had been replaced by choline 
There was no significant effect of pH or of replacement of sodium 
1ons on transport activity (Figure 5) The inclusion in the 
transport buffer of the uncoupler carbonyl cyanide m-chloro- 
phenylhydrazone (CCCP) at a concentration of 10 uM likewise 
had only a slight inhibitory effect. These findings 1ndicate that 
transport is not cation-dependent, and that PfTENTI] is therefore 
unlikely to function as a symporter. 

The archetypal members of the ENT transporter family in 
mammals are potently inhibited by a range of nucleoside 
analogues and other inhibitors [6]. In particular, the es-type 
transporter ҺЕМ Т1 of the human erythrocyte, which harbours 
the bloodstream form of Plasmodium, 1s very sensitive to in- 
hibition by the thiopurine ribonucleoside NBMPR, and by the 
coronary vasodilators dipyridamole, dilazep and draflazine. 
These agents exhibit apparent K, values for inhibition of transport 
in the range 0.1—-10 nM [8], hence there 1s essentially complete 
inhibition at concentrations of 1 uM or above. At this concen- 
tration, none of these inhibitors had any effect on PIENTI- 
mediated uridine or adenosine transport (results not shown). 
Even when used at 10 4M, no significant inhibition of adenosine 
transport was observable (results not shown). 


DISCUSSION 


Using information from the Malaria Genome Sequencing Proj- 
ect, we have identified, expressed and characterized a gene 
encoding a novel member of the ENT family of nucleoside 
transporters from P. falciparum and the first nucleoside trans- 
porter identified in Plasmodium. The transporter is expressed 
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Figure 4 Substrate specificity of PIENTI 


(Top panel) Influxes of radiolabelled nucleosides and писівобаѕеѕ at concentrations of 0.1 mM 
were measured in oocytes injected with water alone (black bars) or with water containing 
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Figure 5  Cation-dependence of PfENT1 


influx of ["Hjadenosine (0.1 mM, 30 min) into oocytes injected with water alone or with water 
containing PIENTI RNA transcript was measured in transport butter containing 100 mM choline 
chloride (hatched bar) or 100 mM NaC! (white and black bars) in the presence (black bar) or 
absence of 10 «М CCCP at the pH values indicated. Mediated uptake was calculated as influx 
in RNA-transcript-iniected oocytes minus influx in water-injected oocytes. 


during the asexual stages of the Plasmodium life cycle and 
catalyses the saturable uptake of nucleosides and nucleobases, as 
assayed by expression in Xenopus oocytes (Figures 3 and 4). In 
this respect it is completely distinct from the non-saturable 
permeability pathway for nucleosides induced in the infected 
erythrocyte plasma membrane [15]. Instead, it is likely to 
represent the means of nucleoside and nucleobase uptake across 
the parasite plasma membrane itself. Although definitive evidence 
will require completion of the Plasmodium genome sequencing 
project, Southern-blotting experiments suggest that PIENTI is 
the sole representative of the ENT family in the parasite. This 
situation contrasts with that of kinetoplastid protozoa, where 
families of related ENT-type transporter genes have been identi- 
fied [10,12]. Our failure to detect homologues of other nucleoside 
and nucleobase transporter families by searching the unfinished 
sequence data available from the Malaria Genome Sequencing 
Project suggests that PENTI may be the sole route by which the 
parasite takes up nucleosides and nucleobases. As purine salvage 
is essential in parasitic protozoa, this transporter therefore 
represents a potential target for therapeutic drugs. This 
hypothesis of a single route for nucleobase and nucleoside uptake 
is strengthened by previous observations that uptake of the 
nucleoside adenosine into oocytes injected with total mRNA 
isolated from P. falciparum can be inhibited almost completely 
by the presence of the nucleobase hypoxanthine [16]. 
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PIENT1 RNA transcript (white bars). (Middle panel) Concentration dependence of (“Cladenine 
uptake by oocytes injected with water alone (O) or water containing PIENTI transcript (@). 
inset, mediated transport. (Bottom pane!) Influxes of radiolabelled uridine and of chemo- 
fherapeutic nucleoside analogues at a concentration of 0.1 mM were measured in oocytes 
injected with water alone (black bars) or with water containing PIENTI RNA transcript (hatched 
and white Dars). 
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In order to exploit a parasite protein as a target for chemo- 
therapy, it 1s essential that it differs functionally from analogous 
proteins in the host. PPENT1 differs profoundly from mammalian 
ENT transporters in several respects. For example, it 1s able to 
transport the anti-viral 3’-deoxynucleoside analogues ddl, ddC 
and AZT, the last with an efficiency equivalent to uridine. In 
contrast, the mammalian ENT-type transporters transport these 
drugs poorly (hENT2) or not at all (hENT1), probably because 
a ribose 3’-hydroxyl group is important for substrate recognition 
[36]. Moreover, unlike the mammalian transporters, which 
exhibit approximately equal affinities for natural purine and 
pyrimidine nucleosides, PPENT1 appears to be somewhat purine- 
selective, transporting adenosine with a 10-fold higher apparent 
affinity than uridine. This poor ability to transport uridine is not 
unexpected, given the fact that P. falciparum has the capacity 
to synthesize pyrimidines de novo and, with the exception of 
orotic acid, does not incorporate exogenous pyrimidines into 
nucleic acids [4] (G. A. McConkey, unpublished work). None- 
theless, the present study suggests that lack of pyrimidine salvage 
is not due to an inability to take up pymmidines, but rather to 
the absence of salvaging enzymes. PfENT1 resembles its host 
counterparts in being a relatively low-affinity facilitated-diffusion 
system, rather than a high-affinity proton symporter like its 
homologues described in kinetoplastid protozoans [6,10-13]. 
These properties may reflect the relative abundance of host- 
derived purines available to Plasmodium from the erythrocyte. 

Whereas the precise identity of the purines used by the parasite 
in vivo remains unclear, it is likely that hypoxanthine resulting 
from catabolism of erythrocyte ATP supplies at least a part of its 
requirements, and several reports show that this nucleobase 
enhances the growth of the organism in culture [4] The ability of 
PfENTI to transport nucleobases, in particular hypoxanthine, 
but also adenine and guanine, is therefore likely to be of 
physiological importance. This ability represents another key 
difference between the parasite transporter and its mammalian 
counterparts: mammalian ENT transporters appear not to 
transport nucleobases [6], with the exception of hENT2, where 
hypoxanthine acts as an inhibitor of uridine transport [37] and is 
itself transported with low affinity (S. Y. M Yao, C. E. Cass, 
S. A. BaldwinandJ D. Young, unpublished work; hypoxanthine 
transport via an ei-type transport process has also been described 
in human vascular endothelial cells, although the molecular 
identity of the nucleoside transporter responsible for this activity 
remains unknown [38]). Functionally, the similar affinities of 
adenine and adenosine suggest that the base may play the major 
role in substrate recognition by PfENTI, unlike the situation 
with the mammalian transporters. 

In addition to differences in substrate specificity, PfENT1 
differs from its mammalian homologues in its lack of sensitivity 
to classical inhibitors of nucleoside transport, such as NBMPR 
and coronary vasodilators. This finding suggests that it may be 
possible to develop inhibitors specific for the parasite transporter 
for use in anti-malarial chemotherapy. The reliance of the 
organism on purine salvage, and the fact that PfENT1 may be 
the major if not the sole route for purine entry into the asexual 
stages of the parasite, suggest that the transporter may be a 
worthwhile chemotherapeutic target. Alternatively, it may be 
possible to exploit the ability of PIENTI to transport cytotoxic 
3’-deoxynucleoside analogues that are poor substrates for 
the mammalian transporters. Whereas the permeability of the 
infected erythrocyte to such agents has not yet been tested 
specifically, the reported properties of the non-saturable per- 
meation pathway induced in the host cell membrane [15] suggest 
that the analogues would have enhanced access to the parasite 
transporter. In contrast, normal host cells would be protected by 
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the barrier to drug transport posed by the permeability properties 
of hENT1 and hENT2. Finally, it may be possible to potentiate 
the cytotoxicity of nucleoside analogues towards the parasite by 
using inhibitors specific for the mammalian transporters, such as 
lidoflazine analogues, to reversibly prevent the entry of nucleoside 
analogues into host cells. The feasibility of such an approach has 
already been explored in murine schistosomiasis, where host 
toxicity of the adenosine analogue tubercidin was ameliorated by 
co-administration of a prodrug form of NBMPR [39]. 


Note added Іл proof (received 24 May 2000) 


After submission of this manuscript, a paper was published 
describing the cloning and characterisation of a nucleoside 
transporter designated pfNT1 from the W2 strain of Plasmodium 
falciparum [41]. The predicted amino acid sequences of Pf{NT1 
and the protein encoded by strain 3D7, which we have designated 
РҒЕМТІ, are identical except for position 385, which contains 
Phe and Leu respectively. However, the reported substrate- and 
inhibitor-specifities of pfNT1 differ extensively from those 


described in the present paper. We are unsure of the origin of ^w 


these differences, but results described in the present paper, 
namely the relatively low affinity of PfENTI for adenosine, its 
ability to transport nucleobases and its insensitivity to inhibition 
by dipyridamole, were reproducibly and independently obtained 
in experiments performed in our laboratories both in Leeds 
and in Edmonton. 
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Inheritance of the apolipoprotein E (apoE) є4 allele is a risk 
factor for late-onset Alzheimer’s disease (AD). Biochemically 
apoE is present in AD plaques and neurofibrillary tangles of the 
AD brain. There is a high avidity and specific binding of apoE 
and the amyloid f-peptide (Af). In addition to AD apoE is also 
present in many other cerebral and systemic amyloidoses, Down’s 
syndrome and prion diseases but the pathophysiological basis 
for its presence is still unknown. In the present study we have 
compared the interaction of apoE with Af, the gelsolin-derived 
amyloid fragment AGel,,,.,,, and the amyloidogenic prion 
fragments PrP,,, ,,, and PrP,,, ,,,. We show that, similar to Af, 
also AGel and PrP fragments can form a complex with apoE, 
and that the interaction between apoE and the amyloidogenic 


INTRODUCTION 


Amyloidoses are a group of disorders characterized by the 
abnormal extracellular deposition of insoluble amyloid fibrils, 
consisting usually of soluble proteins or fragments thereof, in 
one or several tissues (for a review, see [1]. Although varying 
in their origins, the disease-state fibrils all share certain properties 
that include an apple-green birefringence when viewed under 
polarized light after Congo Red staining, a predominantly f- 
pleated sheet secondary structure, a typical fibrillar appearance 
seen in electron microscopy, and a high degree of insolubility 
under physiological conditions. Arrays of prion rods found in 
several prion disorders resemble amyloid ultrastructurally and 
share similar properties [2,3]. 

Alzheimer’s disease (AD), the most common of the 
amyloidoses, is characterized pathologically by extracellular 
deposits of a fibrillar 39- to 43-amino acid-long amyloid peptide 
[4]. This peptide, called Alzheimer’s amyloid -peptide (AZ), is 
derived by an as-yet unknown proteolytic pathway of an integral 
membrane protein called amyloid precursor protein (APP, for a 
review, see [5]). Af is thought to play a crucial role in the 
pathogenesis of AD because several mutations 1n the APP gene 
lead to the early-onset form of the disease (for a review, see [6]). 
Despite the fact that genetic mutations have been found to cause 
the disease [7-9], a vast majority seem to be sporadic cases. 

Prion-related disorders (spongiform encephalopathies) are 
characterized by intra- and extracellular accumulation of an 
abnormal isoform of the cellular prion protein (PrP°) called 


' scrapie prion protein (PrP*^). The pathological form of the PrP 


and its cellular precursor is expressed in the brain and also, at 


protein fragments is mediated through the same binding site on 
apoE. We also show that apoE increases the thioflavin-T 
fluorescence of PrP and AGel and that apoE influences the 
content of f-sheet conformation of these amyloidogenic frag- 
ments. Our results indicate that amyloids and amyloidogenic 
prion fragments share a similar structural motif, which is 
recognized by apoE, possibly through a single binding site, and 
that this motif 1s also responsible for the amyloidogenicity of 
these fragments. 


Key words: Alzheimer's disease, amyloidosis of the Finnish type, 
pathological chaperone, prion disease. 


lower concentrations, in peripheral tissues. Prion diseases in 
human include Kuru, Creutzfeldt-Jakob disease, Gerstmann— 
Straussler-Scheinker syndrome and fatal familial insomnia (for 
a review, see [10]). Similar to AD, prion diseases occur both as 
sporadic and autosomal dominant familial diseases. 

Familial amyloidosis of the Finnish type (FAF) 1s characterized 
by extracellular deposition of abnormal fibrillar material derived 
from gelsolin, an actin-modulating protein. So far, FAF has been 
found to be caused by only two nucleotide substitutions, changing 
Азр!* to Аѕп! or Tyr!* (for a review, see [11]), resulting in the 
inactivation of one of the two actin-binding domains in gelsolin 
[12]. The mutation leads to-a misfolded protein, which becomes 
predisposed to an as-yet-unknown degradation pathway, finally 
leading to the formation of an abnormally processed amyloid 
peptide fragment (AGel, gelsolin-derived amyloid of the Finnish 
type) [13]. No sporadic cases of FAF are known. 

In prion diseases and amyloidoses, the protein or a fragment 
thereof undergoes conformational changes involving a shift from 
a-helix to f-sheet. It is likely that these conformational changes 
are crucial for the propagation of the disease (for a review, see 
[14D. How such changes occur 18 still largely unknown. 

Apolipoprotein E (apoE), a 34-kDa protein coded by a gene 
on chromosome 19,is produced by a polymorphic gene producing 
three major isoforms, E2, E3 and E4. These isoforms are coded 
by three apoE gene alleles, є2, є3 and ей, of which the e4 isoform 
has generated considerable interest due to genetic evidence 
suggesting a link between this particular apolipoprotein and the 
pathogenesis of late-onset AD [15-18], Lewy body dementia [19], 
dementia in Parkinson's disease [20] and dementia and cognitive 
performances in Down's syndrome patients [21,22]. Immuno- 


Abbreviations used A, Af, ,,, Alzheimer's amylold £-peptide, AGel, gelsolin-derived amyloid of the Finnish type, PrP, prion protein, AD, Alzheimer's 
disease, APP, Alzheimer's amyloid precursor protein, FAF, familial amyloidosis of the Finnish type, apoE, apolipoprotein E, ThT, thioflavin-T 
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logically, apoB is present in many cerebral and systemic 
amyloidoses, Down's syndrome and prion disorders. Recent 
studies support the concept that apoE would directly be involved 
in the amyloid deposition and fibril formation [15,17,23,24]. 
Complete lack of apoE has been shown to dramatically reduce 
Af and amyloid A deposition in transgenic mice overexpressing 
the APP"! mutation [25] or amyloid A, respectively [26]. 
Moreover, expressing human apoE instead of the mouse apoE in 
an AD mouse model results in a even more dramatic reduction 
of Af deposition [27]. These experiments indicate clearly а 
crucial role for this specific apolipoprotein in amyloid formation. 

Inthe present paper we have compared four different amyloido- 
genic fragments, Af, ,,, PrP,,, 4, and PrP,,,,,, and AGel,, 4, 
for their interaction with human apoE. Here we show that, 
comparable with Af, ,,, also PrP and AGel fragments can form 
SDS-stable complexes with apoE Complex formation is 
strongest with the AGel fragments. Similar to AZ, „апа AGel, 
apoE seems to also enhance the amyloidogenicity of the PrP 
fragments. Moreover, all three amyloid fragments compete for 
the same binding site on apoE. 

To venfy the unique binding properties of apoE we have 
performed similar experiments with a non-amyloid-associated 
protein, amphoterin. Amphoterin has a high capacity to bind 
amyloidogenic peptide fragments, but the binding properties of 
amphoterin are, however, completely different from those 
observed with apoE. 

Our findings suggest that amyloids and prions share a limited 
structural motif which, after induction, can accelerate the adop- 
tion of a £-sheet conformation and that this motif is the same as 
that recognized by apoE, evidently through a common binding 
site. Our findings provide a possible explanation for the wide- 
spread accumulation of apoE ın these diseases. 


MATERIALS AND METHODS 
Materials 


Ад, . (IDAEFRHDSGYEVHHQKLVFFAEDVGSNKGAII- 
GLMVGGVV), gelsolin amyloid AGel,, (FNNGDCFILDLG- 
NNIHQWCGSNSNRYER), AGel, (FNNGNCFILDLGNN- 
THOWCGSNSNRYER) and AGel, (FNNGYCFILDLGNNI- 
HQOWCGSNSNRYER), corresponding to amino acids 183—210 
of human plasma gelsolin [28], where N, D and Y indicate the 
amino acid present at position 187 of the whole protein and 
position 10 of the-peptide, were synthesized at the Centre for the 
Analysis and Synthesis of Macromolecules (SUNY, Stony Brook, 
NY, U.S.A.). Prion peptides PrP,,,,,, (PrP-H1; MKHMAGA- 
AAAGAVYV) and PrP,,,..,, (PrP-HI1H2; MKHMAGAAAAG- 
AVVGGLGGYMLGSAMSRPMMHF) were purchased from 
Bio-Synthesis (Lewisville, TX, U.S.A.). All peptides were purified 
by microbore HPLC. The sequence and purity of each peptide 
was verified by matrix-assisted laser desorption (MALDI) MS 
and/or automated Edman degradation. Stock solutions of each 
peptide (2 mg/ml) were prepared in 50% acetonitrile in 0.1% 
trifluoroacetic acid in water and stored at —70?C. Human 
plasma apoE and the recombinant apoE4 isoform, produced by 
the eukaryotic baculovirus expression system, were purchased 
from Calbiochem-Novabiochem (Laufelfingen, Switzerland) and 
PanVera Corp. (Madison, WI, U.S.A.), respectively. The proteins 
were found to be more than 95% pure by silver staining on 
SDS/PAGE. Antibodies against Af (4G8) recognizing the 17-24 
fragment were purchased from Senetek (St. Louis, MO, U.S.A.). 
Recombinant amphoterin was received as a kind gift from Dr H. 
Rauvala (Institute of Biotechnology, University of Helsinki, 
Helsinki, Finland). The protein was found to be more than 95 % 
pure by silver staining on SDS/PAGE. 


© 2000 Biochemical Society 


Co-Incubation experiments with apoE : 
Purified apoE or recombinant арбЕ4 (27g each, 0.72x 10-29 M) ` 
were incubated at 37°C for 16h with Af (1—30 ug, 0.025— 
0.75 x 107* M) and/or with AGel,,,, (1-20 ug, 0.022-0.44 x 
10° M) and/or PrP,,,,,, (1-30 wg, 0.023-0.69 x 10 * M) in 
50 ul of PBS, pH 7.2. Aliquots of the peptide stock solutions 
were lyophilized and mixed with the desired amount of the 
apolipoprotein. Formed complexes were analysed by high- 
resolution analytical Tris/Tricine SDS/PAGE. The solubility of 
each peptide was tested after lyophilization by Trs/Tricine 
SDS/PAGE and microbore gel-filtration liquid chromatography 
(SMART System, Pharmacia Biotech, Uppsala, Sweden). 


Competitive-inhibition experiments with amphoterin 


Purified recombinant amphoterin (2 ug, 0.7 x 10719 M) was incu- 
bated at 37 °C for 16 h with increasing amounts of Af (1—30 ug; 
0.025-0.75 x 107? M) and/or with AGelp uy (1-20 ug, 0.022- 
0.44 х 107* M) in 50 ul of PBS, pH 7.2. Formed complexes were 
analysed by high-resolution analytical Tris/Tricine SDS/PAGE. 


Competitive-inhibition experiments with apoE and ароЕ4 


apoE апа apoE4 (2 ug, 0.72 х 10° M) were incubated at 37 °C 
for 16h with increasing amounts of Af (1-20 ug, 0.025- 
0.5x10-°M) and/or with AGelpx; (1-20 ug, 0.022-0.44 x 
107% M) and/or PrP,,, ,,, (1-20 ug, 0.023-0.46 x 107* M) in 50 ul 
of PBS, pH 7.2. The samples were analysed by high-resolution 
analytical Tris/Tricine SDS/PAGE. 


Tris/Tricine SDS/PAGE 


The protein-peptide complexes were analysed by Tris/Tricine 
SDS/PAGE according to Schaegger and von Jagow [29]. 
Incubations were stopped by the addition of a modified Laemmli 
sample buffer (without #-mercaptoethanol and only 50 95 of the 
recommended SDS added) into each sample vial. Samples were 
not boiled but incubated at 37 °C for 5-10 min. Protein-peptide 
complexes were electrophoresed on Tris/Tricine gels (10-14.5 % 
T/3% C, with a spacer gel of 10% T/3% C; where T is 
acrylamide and C is cross-linker bisacrylamide). Protein bands 
were visualized by Coomassie Brilliant Blue or silver staining. 


Fluorometric experiments 


For the fluorometric experiments, approx. 30 ug (0.66 х 107* M) 
of each of the AGel, х peptides or 30 ug (0.75 x 107* M) of Ag 
or 30 ug (0.33 x 107* M) of PrP,,, ,,, was incubated with apoE in 
a ratio of 1:200 (mol lipoprotein/mol peptide) in 50 ul of PBS, 
pH 7.2, for 0-96 h. Incubated samples were then added to 50 mM 
glycine, pH 9, with 2 uM thioflavin-T (ThT; Sigma, St. Louis, 
MO, U.S.A.) in a final volume of 2ml Fluorescence was 
measured at the excitation and emission maxima of 435 and 
485 nm, respectively, in a Hitachi F-2000 fluorescent spectro- 
photometer. A time scan of fluorescence was performed and 
three values obtained after the decay reached a plateau (mostly 
at 300—100 s) were averaged after subtracting the background 
fluorescence of the ThT and buffer alone. Two identical samples 
were measured. The PrP,,,,,, peptide could not be used in the 
ThT assay due to a high background variation. 


CD spectroscopy 


CD spectra were obtained with a JASCO spectropolarimeter 
J-720 at room temperature in a 0.1-cm path-length cell. Double- 
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distilled water, 100 mM Tris/HCl, pH 7.2, and trifluoroethanol 
(spectroscopic grade) were used as solvents. Spectra were 
recorded at I-nm intervals over the wavelength range 190- 
260 nm. All spectra were obtained by subtracting the buffer 
baseline and smoothed by using the algorithm by JASCO. The £- 
sheet conformation was determined following the relative change 
of the ellipticity at 217 nm of each identical pair of samples. 


Densitometry 


Each gel was scanned by a Hewlett-Packard Scanjet 4C laser 
scanner and each band of interest subsequently analvsed bv the 
scion Image Program (SIP, Scion Corp., Frederick, MA, U.S.A .). 


Western-blotting analysis 


Western-blot analyses where performed to gels prepared 
as described in the section on competitive-inhibition experi- 
ments (see above). SDS/PAGE samples were transferred on to 
PVDF membranes. Immunoblotting was performed with anti- 
Alzheimer's famyloid peptide monoclonal antibodies (4G8). 
Membranes were blocked for 1 h with 3^, BSA. washed, and 
then incubated with the primary antibody for 2h. This was 
followed by washing and incubation with alkaline phosphatase- 
conjugated secondary antibody (anti-mouse antibody; Bio-Rad, 
Richmond, CA, U.S.A.). The staining was carried out according 
to the manufacturer’s instructions. 


Surface-plasmon-resonance spectroscopy 


Surface-plasmon-resonance spectroscopy measurements were 
made with а BlAcore 2000TM instrument (BIACORE, 
Pharmacia Biotech) using a CMS sensor chip and the manu- 
facturer's recommendations for amine coupling. Ligand levels 
were used that gave a clearly positive signal for the analyte 
binding. Afi and AGel, were immobilized on the sensor chip, 
each in one channel. The running buffer (PBS) was applied at 
а flow rate of 20 y1/min. apoE (150 pM solution) alone, 
apoE (150 pM) with AZ (1:10, apoE/A7 molar ratio), and apoE 
(150 pM) with glycine (1:200, apoE/Gly molar ratio) were used 
as analytes. The measurements were conducted at 37 ?C. The 
binding response of each sample solution was determined by the 
measurement of resonance signal units. Prior to the numerical 
analysis, data were adjusted to zero immediately before injection 
of analyte. 


RESULTS 


All synthetic peptides used in this study have previously been 
shown to be amyloidogenic [3.4,30]. Based on the fact that AD 
and prion disorders occur both as familial and sporadic forms, 
we decided to include the non-mutated form of the FAF amyloid 
into this study, although no sporadic cases of this disease are 
known. The non-mutated FAF peptides seem to be able to 
adopt а /7-sheet structure similar to that of the mutated peptides 
(0.04 z-helix, 86.7?,, #-sheet) according to the predicted sec- 
ondary structure by Chou and Fasman [31] and Garnier et al. 
[32]. Indeed, when incubated under similar conditions to AP, 
the non-mutated peptides also form amyloid fibrils indistinguish- 
able from those formed by the mutated FAF amyloid fragments 
[24,33]. 
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Figure 1 Coomassie Brilliant Blue-stained 16% Tris/Tricine polyacrylamide 
gels of (A) human plasma apoE, (B) apoE4 and (C) amphoterin (all 2 дд), 
incubated for 16 h at 37 ^C with AGel, and Af 


(A) Lane 1, apoE with 0.5 yg of AGel,: lane 2, apoE with 1 yg of AGel, and 20 ug of Age: 
lane 3, apoE with 2 wg of AGel and 15 ug of AZ; lane 4, apoE with 1 yg of AGel, and 10 gg 
of А lane 5, apoE with 1 мо of AGel,. (B) Lane 1, apoE4; lane 2, apoE4 with 1 jeg of Аба, 
lane 3, apoE4 with 1 zg of AGel,, and 5 wg of АД: lane 4, apoE4 with 1 ug of AGel, and 10 ag 
of Ау: lane 5, apoE4 with 1 wg of AGel, and 15 ug of AP: lane 6, apo£4 with 1 ug of AGel, 
and 20 ug of Aff; lane 7. apoEA with 1 ug of of AJ. (0) Lane 1. amphoterin: lane 2, amphoterin 
with 1 ug of AGel, and 1 jeg of Ау: lane 3, amphoterin with 2 zg of AGel,, and 5 jig af AA: 
lane 4, amphoterin with 2 yg of AGel, and 10 ug of AZ: fane 5, amphoterin with 2 ug of AGei,, 
and 15 ug of Ар; lane 6, amphoterin with 1 мо of AGel,. In all panels, a and b indicate 
complexes formed by each peptide (a, with А2; b, with AGel,,). 


apoE forms SDS-stable complexes with PrP,,, ,,, and Абе! 


In order to compare the capability of apoE to form SDS-stable 
complexes with AZ, AGel and PrP we incubated various amounts 
of these peptides under physiological conditions with apoE and 
ароЕ4. Incubation over 16h resulted in the formation of SDS- 
stable complexes which could, in the case of AGel, be visualizec 
by high-resolution Tris/Tricine SDS/PAGE as a faint band just 
above the major apoE band (Figure 1). Both PrP peptides turned 
out to be extremely difficult to visualize as a complex with apoE 
since they produced rather diffuse bands, probably due to the 
high tendency for aggregation of these particular peptides. 
The apoE-PrP band was almost on the same level with the native 
apoE, even with the 3.27-kDa PrP,,, ,,, peptide. Subsequently, 
we measured the apoE-PrP complex formation and binding 
competition between A// and PrP to apoE by indirect Western- 
blot analysis, as shown in Figure 2. The mutated and non- 
mutated gelsolin peptides revealed a higher affinity to apoE as 
compared with the affinity of A2 or PrP. Densitometrical analyses 
indicated that the AGel peptides have an approx. 10-fold higher 
complex-forming affinity (Figure 3). Ap and the PrP fragments 
showed only moderate differences in their capability to form 
complexes with apoE (Figure 2). 
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Figure 2  Western-blot analysis of apoE4 (2 ug) with Af (5 ug) and various 
amounts of PrP,,,.,,, (PrP-H1H2) incubated for 16 а! room temperature 


The samples were blotted on to PVDF and visualized by a monoclonal anti-A// antibody (468) 
except lane А, which was molecular-mass standard (Coomassie Brilliant Blue-staining). 


No differences could be detected in the binding of the mutated 
and non-mutated AGel peptides indicating that the mutation 
itself is not important for the binding. This is not surprising since 
none of the AGel mutations change the predicted /-sheet content 
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of these peptides, a factor seemingly crucial for the binding to 
apoE [34]. 


apoE influences the fibril formation of PrP and AGel fragments 


The influence of apoE on the amyloid fibril formation of these 
peptides was monitored by the ThT method. ThT has been 
shown to bind to amyloid, producing a shift in the emission 
spectrum and a fluorescence signal proportional to the amount 
of amyloid formed [35]. This measurement was mainly conducted 
with the PrP,,, ,,, (PrP-H1) peptide due to a high background 
drift of the PrP,,, ,,, (PrP-H1H2), probably caused by the high- 
aggregation property of this particular peptide. We have reported 
earlier that apoE can accelerate the fibril formation of some non- 
mutated and mutated AGel peptide fragments in vitro and here 
we compared the effect of apoE on Af, AGel and PrP. Similar 
to our earlier observations [24]. AGel,, less amyloidogenic at pH 
7.2. became highly amyloidogenic (increase approx. 4.5-fold) by 
the influence of this apolipoprotein. On the other hand, AGel,, 
highly amyloidogenic at pH 7.2, was influenced less by apoE 
(increase approx. |.3-fold), resembling the effect of apoE on the 
Dutch Af variant (Af, ,,,: increase approx. 2-fold) [36]. Also 
the wild-type peptide AGel,, was clearly affected (increase approx. 
1.6-fold). AGel, is more amyloidogenic at pH 7.2 than AGel, 
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Figure 3 Densitometrical analyses of formed complexes, free ароЕ4, free human plasma apoE and free amphoterin (Atn) from Figure 1 


(А) Band intensities of remaining free apoE4, free human plasma apoE and free amphoterin were measured after increasing the amount of AZ from 0 to 20 ug. (B) Band intensities of AGel, and 
Af complexes with apoE4 after increasing the amount of AJ from 0 to 20 ug. (C) Band intensities of Абе!, and AJ complexes with human plasma apoE after increasing the amount of Af from 
Q to 20 мо. (0) Band intensities of AGel,, and AZ complexes with amphoterin after increasing the amount of Af? from 0 to 15 xg. 
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Figure 4 ThT assay of formed amyloid fibrils 


Each sample was incubated for 16 h with or without human plasma apoE in duplicate (similar 
results were achieved with apoE4). Values are given in relative fluorescence (arbitrary units). 


and therefore probably less influenced by any external promoters. 
These data indicate that a peptide which is able to form amyloid 
fibrils rapidly does not have much help from an ‘external 
chaperone’. As expected, apoE also enhanced the fibril formation 
of the PrP fragment (increase approx. 3.5-fold), resembling 
that of AGel, (Figure 4). 


Afi, AGel and PrP compete for binding with apoE 


The fact that AJ, AGel and PrP were all similarly affected by 
apoE led us to study whether the effect of this apolipoprotein 
would be mediated through the same binding site on apoE. To 
do this we mixed various amounts of Af, AGel and PrP together 
with apoE and apoE4 for 16 h, after which time the formed 
complexes were analysed by Tris/Tricine SDS/PAGE (Аў and 
AGel) and Western blotting (A/ and PrP). When AGel and Ар 
were incubated in а molar ratio of 1:1 no complex between 
Af and apoE was seen, only a complex between AGel and apoE 
could be detected; a 10-fold excess of Af resulted in an approx. 
1:1 ratio of the formed complexes of AGel-apoE and Af-apoE 
and a 20-fold excess of Af washed out the AGel-apoE complex 
practically completely (Figures | and 2). The competition was 
independent of the peptide, e.g. each peptide could wash out the 
other. A molar ratio of approx. 2:1 of Ag/PrP with apoE 
resulted in a 1:1 capability of complex formation, indicating that 
these two amyloidogenic peptides had only small differences in 
their complex-formation capacity with apoE under conditions 
used in this study (Figure 2). The formation or dissociation of the 
Af-apoE complex in the presence of AGel could be followed by 
Tris/Tricine SDS/PAGE, and the effect of PrP by Western-blot 
analysis using a monoclonal anti-A// antibody (Figure 2). No 
detectable differences in the complex-forming capacity between 
apoE and apoE4 were observed, indicating that different isoforms 
share the same binding. Human plasma apoE is a mixture of the 
three major isoforms, mainly composed of ЕЗ (approx. 80°,,). It 
is worthwhile to note that experiments in vivo show no differences 
between the apoE isoforms in terms of their capability to form 
complexes with //-amyloid in human AD brain, e.g. each apoE 
isoform can form the same amount of complex in viro [17,37]. In 
addition, there is no difference in the reduction of amyloid 
deposition between a mouse expressing human apoE3 or apoE4 
compared with the corresponding mouse gene in an AD mouse 
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Table 1 Plasmon-resonance spectroscopy on the interaction and com- 
petition of Af and AGel, with human plasma apoE 


Aji and AGel, were bound to the matrix in one channel each. Responses were measured in 
real time with human plasma apoE, human plasma apoE with glycine (molar ratio 1 : 200) and 
numan plasma apoE with AJ (molar ratio 1:10) with the coupled ligands. Values are given as 
resonance signal units (in %, + S.D.). The resonance signal of apoE in each channel was set 
at 100%. 





Ligand bound to the 





sensor surface apoE apoE + glycine apoE + Ap 
Aj? 100+ 5.6% 83+ 10.9% 30+ 100% 
AGel,, 100 4- 9.555 76 + 555, 37575 
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model [27]. None of these amyloidogenic peptide fragments 
bound to, or accelerated the amyloid fibril formation of. the 
other. Pre-incubating one peptide with apoE for several hours 
did not effect the competitive binding. Thus the binding of 
amyloid peptides to apoE seems to be reversible, 


Verification of the competition by surface-plasmon-resonance 
spectroscopy 


In order to verify that the competitive inhibition of the binding 
of Af and AGel to apoE is not artificially suported by the PAGE 
technique, we also studied the competitive inhibition by surface- 
plasmon-resonance spectroscopy. Both peptides (Af and AGel) 
were coupled to the chip and the affinity of the soluble apoE in 
the absence and presence of Af to bound Af and AGel measured. 
A 200-fold molar excess of glycine was used as a control, This 
high amount of glycine inhibited the apoE affinity to both 
peptides by approx. 20-30*,, presenting the quasi-maximal 
physical inhibition of a molecule without any affinity to the 
ligand. An 8-fold molar excess of Af in the same solution with 
apoE inhibited the affinity of the free apoE to Af by approx. 
70°, and to AGel by approx. 60°, (Table 1), Thus the presence 
of Af together with apoE in the same solution inhibited the 
affinity of the free apoE in that solution to the bound A7 
and also to the bound AGel, clearly supporting our gel- 
electrophoresis data. If A2 would not bind to the soluble, native 
apoE through the same binding site as AGel, it should not have 
influenced the apoE-AGel interaction. These data verify that A7 
is indeed able to inhibit the apoE interaction with an unrelated 
amyloidogenic protein fragment like AGel. Due to its high 
tendency to aggregate we could not include anv of the PrP 
fragments in these studies. 


Control studies with amphoterin 


To verify the reversibility and specificity of the binding of apoE 
and the amyloidogenic fragments, we have performed identical 
competition studies with a non-amyloid associated protein, 
amphoterin (high-mobility group-1 protein, HMG-1). This pro- 
tein features the capability to bind amyloidogenic peptide frag- 
ments although it has not been found to be associated with any 
of the known amyloidoses, It has, however, the capacity to 
accelerate the amyloidogenicity of these peptides and includes a 
fragment that can form amyloid-like fibrils in vitro. In Figures 1 
and 2 we show results of a competition experiment performed 
between AGel, Ap and amphoterin. Increasing the amount of Aj 
in a solution with amphoterin clearly decreased the amount of 
soluble free amphoterin as well (Figure 3A). indicating that the 
binding is irreversible under conditions used in this study. On 
the other hand, increasing the amount of AJ in a solution with 
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Figura 5 The affect of apoE4 on the AGel peptides as measured by CD 


Each peptide (60 4g) was dissolved in 60% trifluoroethanoV/100 mM Tris/HCl (pH 7 2) and 
immediately applied to CD measurement (f= 0 h). apoE4 was added to each peptide solution 
in a final molar concentration of 1.200 (apoE/Af) Each measurement was repeated after 
incubation overnight at 37 °C ([ == 24 h) The CD spectrum of apoE4 alone did not deviate from 
the buffer alone value due to the very low amount of protein used 


apoE did not reduce the amount of soluble apoE (Figures 1A, 1B 
and 2A). AGel and Af had similar effects on amphoterin and 
apoE (results not shown). In addition, none of the peptides 
competed for the binding with amphoterin, even at higher loads 
of one or the other (Figures 1C and 2D). Interestingly, increasing 
the amount of one of the peptides 1n a solution with amphoterin 
seems also to increase slightly the capacity of the other peptide to 
form a complex (Figure 1C and 3D). This could be due to two 
different binding sites, which upon single occupation can change 
the affinity of the other. 


apoE influences the conformation of AGel 


To determine whether apoE is able to 1nduce a conformational 
change in the secondary structure of other amyloids, as it has 
been shown to do in Af [24], we have performed CD analyses of 
AGel peptides with and without apoE. Each peptide was 
dissolved in aqueous solution containing 60% trifluoroethanol, 
a condition which optimizes the a-helix formation but does not 
influence the Z-sheet structure. Addition of apoE (apoE/AGel, 
molar ratio 1:200) had a specific effect on the spectrum with 
principal changes observed at wavelengths of 195 and 217 nm 
(Figure 5; f-sheet structure maximum at 195 nm and minimum 
at 217 nm), similar to results obtained with e.g. Af and apoE 
[34,38] or AZ and aluminium [39] CD spectrum of apoE alone 


© 2000 Biochemical Society 


did not deviate from the buffer alone value due to the very low 
amount of protein used. 


DISCUSSION 


Recent genetic data suggest a heterogeneity among causes and 
risk factors for AD. These include mutations in the APP [7], 
presenilin 1 [8] and 2 [9], all responsible for the familial form of 
this disease, and a genetic association with the apoE e4 allele [16]. 

While a genetic mutation clearly leads to the disease, the role 
of apoE seems to be much more complicated. In fact, although 
many AD patients carry either one or two e4 alleles, it is not a 
prerequisite, since a number of AD cases do not show any 
linkage to this particular allele [40]. Moreover, the effect of apoE 
is not limited to AD. apoE-deficient mice overexpressing amyloid 
A show reduced amyloid fibril formation, as well [26]. In addition, 
deposits in various amyloidoses and prion diseases include both 
biochemically and mmmunohistochemically detectable amounts 
of apoE [17,23,41-43]. Thus the molecular interaction of apoE 
seems not to be specific for AD but more a common characteristic 
in the development of other amyloidoses as well. 

We have shown previously that apoE can accelerate the 
amyloid fibril formation of Af by causing a conformational 
change of a non-pathogenic form of the amyloid peptide to a 
pathogenic form of the same peptide [24]. In the present study we 
now show that apoE affects the amyloid fibril formation of 
synthetic peptides homologous to some other amyloidogenic 
protein fragments as well. This effect is mediated by the same 
mechanism, providing further evidence that apoE may indeed, 
act as a ‘universal pathological chaperone’. 

Our results indicate that the interaction of various 
amyloidogenic peptides with apoE is not limited to a specific 
amino acid sequence, but more related to the physicochemical 
nature of each fragment, e.g. to properties that are also re- 
sponsible for the amyloidogenicity. These results are in ac- 
cordance with those obtained with several mutated and non- 
mutated Af peptides [34]. The ability of any misfolded amy- 
loidogenic intermediate to assemble into characteristic amyloid 
fibrils seems to depend on sequence elements that become 
exposed after partial or complete unfolding. A mutation may 
directly speed up the fibrillization or just cause a protein to 
misfold, subsequently leading to the release of the amyloidogenic 
fragment In the case of FAF, both mutations causing the disease 
(Asn and Tyr) lead to premature degradation of gelsolin. 

It has been proposed that fragments of only 10 amino acids of 
AGel 7?? FNNGDCFILD**) [30] and Af (*HOKLVFFAED!) 
[44] would be responsible for the amyloidogenicity and amyloid 
fibril formation The most amyloidogenic peptide in PrP is 
!IDAGAAAAGA!? [45]. In addition, in several other amyloids 
only a short sequential stretch is responsible for the amyloido- 
genicity [46—49]. Thus different amyloid fragments seem to share 
a relatively short common motif that 1s responsible for the 
fibrillogenesis. A conformational change of such a stretch, 
activated by an external signal (e.g. apoE), seems to be enough 
to fibrillize the protein. This kind of amyloidogenic consensus 
sequence has been predicted to exist in various amyloids [50,51]. 
Observations showing that some originally non-amyloidogenic 
proteins form amyloid-like structures under suitable conditions 
support the notion that amyloidogenicity 1s not limited to only a 
few protein sequences but rather is a *hidden' property of many 
proteins [52-55]. 

Each amyloidogenic fragment tested in this study competed on 
the binding to apoE with the other, suggesting that the effect of 
apoE is mediated through only one common binding site. This is 


- 


+ 


supported further by the results obtained by quantitative N- 
terminal sequence analysis of each formed complex, according to 
which apoE can bind only one amyloid peptide at a time 
(results not shown). Moreover, several authors have shown in 
vivo and in vitro that the binding site for Af is located in a rather 
restricted area at the C-terminal domain of apoE, further limiting 


the possibility of several binding sites [22,56,57]. 
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Redox equilibria of manganese peroxidase from Phanerochaetes 
chrysosporium: functional role of residues on the proximal side 
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Redox potentials of recombinant manganese peroxidase from 
Phanerochaetes chrysosporium have been measured by cyclic 
voltammetry as a function of pH, between pH 4.5 and pH 10.5. 
They display a bimodal behaviour (characterized by an ‘alkaline’ 
and an ‘acid’ transition), which indicates that (at least) two 
protonating groups change their рК, values upon reduction 
(and/or oxidation) of the iron atom in haem. Analogous measure- 
ments have been carried out on four site-directed mutants 
involving residues in close proximity to the proximal ligand, 
His! 5, in order to investigate the role played by residues of the 


proximal haem pocket on the redox properties of this enzyme. 
Results obtained suggest that the protonation state of N, of the 
proximal imidazole group is redox-linked and that it 1s crucial in 
regulating the ‘alkaline’ transition. On the other hand, none of 
the proximal mutants alters the ‘acid’ transition, suggesting that 
it is modulated by groups located in a different portion of the 
protein. 


Key words: manganese peroxidase, proximal haem pocket, site- 
directed mutants, redox potentiometry, pH dependence 





INTRODUCTION 


Manganese peroxidase (MnP) is a haem protein that was first 
discovered in the lignin-degrading fungus Phanerochaetes chryso- 
sporium [1,2]. The enzyme utilizes H,O, to oxidize divalent 
manganese [Mn(II)] to tervalent manganese [Mn(IIT)], which is a 
diffusible oxidant postulated to enter the lignin polymer [3]. 
Compound I oxidizes not only Mn(II) but also a variety of 
organic substrates [4]. On the other hand, compound II exhibits 
an absolute dependence on Мп(П) as a reductant [2,5]. 

The X-ray crystal structure of MnP has been solved [6,7] and 
it reveals similarity to other peroxidases, such as horseradish 
peroxidase (H RP), lignin peroxidase (LiP), the peroxidase from 
Coprinus cinereus (CIP) and cytochrome c peroxidase (YCcP) 
[8-12]. Most notably, residues in the distal haem pocket of MnP 
(i e. His*® and Phe*5; the latter not present in CcP) are conserved. 
Also conserved is Asp?**, which is located on the proximal side 
of the haem pocket, forming a hydrogen-bond with N, of the 
imidazole group of the proximal His'?? residue [6]. There is an 
extensive debate in the literature about the role of this conserved 
hydrogen-bond in modulating the properties of the iron ion, and 
in particular its reduction potential, and consequently the re- 
activity of the protein [13-16]. An interesting structural aspect 
concerns the other residue located on the proximal side of the 
haem pocket near His!"?, namely Phe!??, as it displays some 
variation among different peroxidases. This residue is -phenyl- 
alanine in MnP (Рһе!%), LiP and HRP [6,9,17], tryptophan ın 


, YCcP [18] and leucine in CIP [10], and either can or cannot be 


hydrogen-bonded to the proximal His!?? residue. The position of 


this residue is close to the proximal histidine, and it suggests that 
it might play some role in the structural arrangement of the 
proximal haem pocket [6], and in particular on the orientation of 
the axial histidine, even though no clear evidence has been 
obtained for its functional rolé [19]. 

Recent studies have investigated the functional and structural 
properties of wild-type (wt) MnP and mutants at two residues 
located on the proximal side of the haem pocket, namely Asp!t! 
and Phe'™ [19—21]. The results suggest that these residues might 
play some role in modulating the function of MnP and prompted 
us-to investigate the effect of these site-directed mutations on the 
redox properties and on the proton-electron coupling. Further- 
more, the effect of Mn(II) on the redox properties has been 
investigated. 


EXPERIMENTAL 
Expression and purification. 


The mutagenesis; expression and purification of recombinant 
MnP were carried out as described previously [20,22]. The 
purified enzyme had an R, > 4.5 (A4,,,/4,,,) and the concen- 
tration was determined using an absorption coefficient, e — 127 
mM"! -cm'^! at 407 nm [23]. 


Direct current (DC) cyclic voltammetry measurements 


DC cyclic voltammograms were run on a pyrolytic graphite (PG) 
electrode coated with a polymenic film [composed of an anionic 


Abbreviations used MnP, manganese peroxidase, LiP, lignin peroxidase; YCcP, yeast cytochrome c peroxidase; СІР, peroxidase from Coprinus 
cinereus; TBPMC, tributyimethyl phosphonium chloride polymer; SCE, saturated calomel electrode, DC, direct current, wt, wild-type, HRP, horseradish 


peroxidase, PG, pyrolytic graphite 
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Scheme 1 Protonation scheme of the redox equilibria 


exchange resin, polystyrene cross-linked with 1% (w/v) divinyl 
benzene, bound to a tributylmethyl phosphonium chloride 
(TBPMC) polymer, entrapping the protein. 

Modified PG electrodes were prepared as previously described 
[24]. Briefly, TBMPC was dissolved in DMSO to give a 0.035% 
(w/v) solution; a volume of 10 ul was then mixed with 40 ul of 
0.2 mM MnP/water solution and deposited (by a microsyringe) 
on to a PG electrode surface (2 mm diameter), previously polished 
using an alumina (0.3 um particle size)/ water slurry, followed by 
extensive sonication in deionized water. Before use the modified 
electrode was left to dry for 2-3 days at 5 °C. 

DC cyclic voltammograms were гип in degassed 100 mM 
acetate, phosphate or carbonate buffers, depending on the pH 
investigated. In the electrochemical cell, the anaerobic environ- 
ment was obtained by gently flowing N, (high-purity grade) 
above the surface of the solution for approx. 20 min before 
measurements were taken. A PG electrode (AMEL, Milan, Italy) 
was the working electrode, a saturated calomel electrode (SCE; 
AMEL) was the reference electrode and a platinum ring was the 
counter-electrode. A multipolarograph Amel 433 interfaced with 
a personal computer as the data processor was employed for 
cyclic voltammetry measurements. 


Data analysis 


The pH-dependence of the redox potential obtained by cyclic 
voltammograms shows that at least two protonating groups are 
required to account for the observed behaviour (see Scheme 1). 

The pK, [= log,, (K,)] values of the controlling ionizations 
were calculated by fitting the data to Eqn. (1): 


E жт E (1 HK HHA Ke [H+ 

(AK [H] +K H (1) 
where E is the observed redox potential and Е, refers to the redox 
potential of the unprotonated MnP. Different K, values refer to 


the proton association constants for the protonating groups 
in the oxidized (ox) and in the reduced (red) forms. 


RESULTS AND DISCUSSION 


Cyclic voltammetry measurements showed that in solution MnP 
produces no voltammetric signal at a naked PG electrode. On the 
other hand, rapid electron transfer 1s observed when the protein 
was embedded in a solid, inert TBMPC membrane coating the 
electrode (see the Experimental section). Over the whole pH 
range investigated (i.e. pH 4.5-10.5) the DC cyclic volt- 
ammograms of the membrane-trapped protein, dipped in the 
appropriate buffer, exhibited a well-defined electrochemistry for 
scan rates ranging between 50 and 500 mV /s. At lower scan rates 
the current intensity was too small to be accurately measured. 
Observed cathodic and anodic currents were almost identical, 
with an intensity ratio (i a/p) close to unity. Such features 
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Figure 1 Cyclic voltammograms of TBMPC-embedded wt MnP at a PG 
electrode over the potential range between -- 0.4 and — 0.8 V agalnst a 
SCE 


Cyclic voltammograms were run, at 25 °C, in 0.1 M sodium acetate buffer, pH 5 0 (A), and 
in 0 1 M sodium phosphate buffer, pH 7.0 (B) and pH 8 0 (D). 


demonstrate that the TBMPC membrane favours the direct 
(unmediated) electrochemistry of the protein. This explains the 
much sharper voltammograms obtained than those previously 
reported for the same protein in solution [20]. Figure 1 shows DC 


cyclic voltammograms for wt MnP at various pH values run at ~~ 


a 100 mV/s scan rate. Under the conditions investigated, the 
voltammetric peak current was found to depend on the square 
root of the scan rate, as expected for a diffusion-controlled redox 
process. At a scan rate of 100 mV/s, the AE, values (i e. the peak 
separation) were close to the theoretical value of AE, — 57 mV, 
which 1s expected for a one-electron-transfer reaction [25], and 
this was observed at all pHs investigated. At faster scan rates the 


« 





Figure 2 pH-dependence of the redox potential, Е, for wt MnP 


Expenmental polnts are the average of muliple measurements (at least three) and the standard 
deviations are reported The continuous line was obtained by applying Eqn (1) with the 
parameters reported in Table 1. The dashed line corresponds to the least-squares fitting of 
the data according to the following equation 


= EPI 


where "pe 1+(™ Ae гок). [H*] [Ky (Ry + Kg) +My ™ 
[HT +k [Н°} and а mt an HHK 
FK t” K x ef. Ы Ар [Н] 245K, Ka KS [H* P, fing жд to pK, 
values reported previously Пе. ™ EIE M (рК, = = 9.12), "A, = 
1318x109 M^, 9K,—2952x10 *M (рК, = 8.53), bum ее 
Qe, = 1.622 х 1077 М (рК, = 6 79) and “A, == 6.166 х 105 M^'] [21], and leaving 
the other parameters floating Parameters obtained from the filing procedure were 
i и = 3.31{41.35) x 100M! (pK, = 8 5240.12), "Қ, = 1.17(40 41) x 109 
(PK, = 8.07 £0.13), "©К = 6.46(-Е1 86) х 10° M7! (pK, = 5 81-0 11) and 
E es Gant 0.005 V For further details see the text 


Table 1 Redox potentials and рк, values of redox-iinked groups in wt MnP 
and some of its mutants 


pA, was obtained by fitting the pH-dependence of the redox potential to Eqn. (1) The reported 
parameters were obtained by employing different buffers at different pHs, apart from one mutant 
where the parameters were obtained using only phosphate buffer. 


“рК, 9p o “мы “Dh, АМ 

Wt MnP 9.39+0.16 5.95 +0.13 8.17+0.13 5.18+0.11 —0.197-+0 023 
Asp?* — Glu 9 8240.17 588+0.13 8174012 4.87+0.10 — 0.27040 031 
Aspè? — Ser 8.78+0.15 5.55 +0 12 7.484+0.12 4.754011 —0.201+0 019 
Asp?* — Ser 9.10+017 6.124016 6.290+0.14 5.444012 — 0.136 E 0.015 
only phosphate 

Phat? -> Val 927 +0.17 5.73+0.16 8.114014 4.92+0.12 —0.187 -+0 021 
Phe!® -> teu 9,.34+0.18 5,93-4-0.15 7.954013 5.08+0.13 —0.259-+4-0 028 





AE, increased (up to 140-150 mV for scan rates of 500 mV/s), 
indicating the occurrence of quasi-reversibility. 

Figure 2 shows the pH-dependence of the redox potential for 
wt MnP, and the data at pH 7.0 agree with those already 
reported [23]. The data clearly showed that its redox behaviour 
was functionally modulated by the protonation of (at least) two 
groups, whose pK, values were redox-linked. Fitting of data 
employing Eqn. (1) allowed the pK, values to be obtained for 
both the oxidized (pK,, and “pX,,, see Scheme 1) and the 
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reduced (pK, and "рК, ,, see Scheme 1) forms of the enzyme; 
the values obtained from the fitting of experimental data are 
reported in Table 1. Both ionizable groups displayed a decrease 
in pK, upon reduction; the first ionization decreased it from 
5.95 £0.13 in the oxidized form to 5.13+0.11 ш the reduced 
form, and the second one decreased it from 9.39+0.16 in the 
oxidized species to 8.17 3-0.13 in the reduced species (Figure 2 
and Table 1). Our previous work has demonstrated that over the 
same pH range three pH-dependent spectroscopic transitions 
(observed by optical electronic absorption) were detected for 
oxidized wt MnP [21], and the pK, values [= log,, (1/K,)] were 
numbered by starting from that characterized by a lower pK, 
value. In the present study the equation deals with the proton 
association equilibrium (expressed as pK,), and protonating 
groups are then numbered starting from that characterized by 
the highest pK, value [see Eqn. (1)]. One of the groups responsible 
for a spectroscopic transition observed previously (characterized 
by pK, = 9.12::0.22 [21]) displayed a pK, value similar to 
that corresponding to the pX,, value of the oxidized molecule 
in our experiments (see Table 1). However, each of the other two 
values obtained from the spectroscopic measurements [21] differs 
from the other pK, value, affecting the redox properties. This 
becomes evident when our data on the pH-dependence of the 
redox potential are fitted with the pK, values determined by 
Banci et al. [21] (see Figure 2, dashed line). Findings from the two 
studies are not necessarily in contradiction. Indeed, only those 
residues whose рК, values vary upon change of the oxidation 
state can affect the proton-linked redox behaviour. Therefore the 
two residues determining the pH-dependence of the redox 
potential are not necessarily the same two (out of three possible 
residues) modulating the pH-dependence of the wt MnP spectro- 
scopic properties [21]. 

At alkaline pH values the redox potential of wt MnP was very 
negative (E, = —0.197+0.03 V against a normal hydrogen elec- 
trode), and as the pH was lowered, the protonation of two 
residues made the redox potential progressively less negative. 
The value became positive at pH « 6.0, with an overall change of 
approx. 0.3 V between pH 10.5 and pH 4.5 (see Figure 2). These 
results indicate that the formation of a positive charge (or the 
disappearance of a negative one) in these two residues brings 
about a condition in the haem pocket which makes the reduction 
of the haem's iron more favourable. 

The protonation of these groups also has an effect on the 
heterogeneous electron transfer reaction of the protein at 
the electrode surface, and thus with the external environment. The 
rate constant for the heterogenous electron transfer (k,) was 
estimated at 25 °C under acidic [i.e. in 0.1 M sodium acetate, pH 
5.0; k, = 2.8(+0.3) x 107* cm/s], neutral [i.e. in 0.1 M sodium 
phosphate, pH 7.0; k, = 9.0(- 1.0) x 10 cm/s] and alkaline [i.e. 
in 0.1 M sodium carbonate, pH 9.2; k, = 1.9(+0.3) x 10 cm/s] 
conditions according to Nicholson [26]. The values of the rate 
constants were calculated by using n = 1 (i.e. the number of 
electrons involved in the electron transfer process) and a diffusion 
coeffiaent, D,, of 8.0 х 107% ст? /5ѕ, calculated by applying 
the equation reported previously [27]. The rate constant for the 
heterogeneous electron transfer in the singly protonated form at 
neutral pH was 4—5 times faster than in the unprotonated species 
at alkaline pH, and approx. 3 times faster than at acidic pH. This 
indicates that the protonation of the residue with the higher pK, 
value results in a faster rate of electron exchange, whereas the 
second protonation event has an opposite effect, significantly 
reducing the reaction rate. The addition of І mM МасСі,, which 
induces the complete formation of the MnP—-Mn(IT) complex did 
not change either the observed redox potential and/or the rate of 
electron transfer (results not shown). This observation 1s sig- 
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Figure 3  pH-dependence of the redox potential for mutants of MnP, namely D242E (А), 02425 (B), F190V (C) and F190L (D) 


Expenmental points are the average of multiple measurements (at least thres) and the standard deviations are reported For clarity, in each panel the redox potentrals of the mutant ( x ) are compared 
with the redox potential of wt MnP ((O) Continuous lines were obtained by applying eqn (1) with the parameters reported in Table 1 For further details see the text 


nificant, since it suggests that Mn(II), which 15 essential in the 
catalytic turnover of MnP as electron donor [4,5,28], does not 
appreciably affect the protonation equilibria of residues mod- 
ulating the oxidation state of the haem's iron and the electron 
exchange rates of the protein with the bulk solvent. 

For the purpose of identifying the residues involved in 
the proton-linked modulation of both the redox potential and the 
heterogeneous electron transfer, we have characterized mutants 
in the proximal pocket of MnP, namely at Аѕр? and at Phe!??, 
These are the same mutants previously investigated [19,21]. Two 
of them (1.e. D242S and D242E) display a substitution of Asp**?, 
which is hydrogen-bonded to N, of the proximal His'’® residue 
[6]. Mutations concern residues, which though able to form 
hydrogen-bonds with the proximal histidine, show either- an 
increased length (i.e. glutamate) or the lack of a negative charge 
(Le serine). The other two mutants studied were at the Phet? 
position (ie. FI90V and Е1901), which had been substituted 
with other hydrophobic residues (1.e. valine or leucine) of smaller 
size than the aromatic ring of phenylalanine. 

Figure 3 shows a comparison, as a function of pH, between the 
redox potential of wt MnP and those of the above mutants. It 
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must be pointed out that results for these mutants at pH 7 0 are 
in agreement with those already reported [20]. 
The D242E mutation produced a more negative E, only at 


alkaline pH, and pK, values were essentially the same as in the 


wt MnP, except for some variation of “pX,, (see Figure ЗА and 
Table 1). This suggests that the increased residue length, resulting 
in a larger occupancy volume, has only a marginal effect on 
the functionally relevant proton-linked equilibria. However, the 
deprotonated form may impose some steric strain on the struc- 
tural arrangement of the proximal side of the haem pocket, 
resulting in a less favourable reduction of the haem's iron. 
Conversely, the substitution of Asp**? with serine, which should 
produce a more dramatic change in the hydrogen-bonding 
network between residue 242 and His!" had an effect on the 
first pK, value (i.e. pK,,; the residue which protonates at higher 
pH values); no variation was observed with either the second 
protonation value, рК,,, or the redox potential, E, of the 
unprotonated molecule (see Figure 3B and Table 1). Thus the sub- 
stitution of a negatively charged carboxy group of aspartate 
with the hydroxy group of serine resulted in a dramatic change 
in the pK,, value, which turned out to be lower by approx. 0.6 


4 





Figure 4 pH-dependenca of the redox potential of the site-directed mutant 
02428, employing different butters (©) and only phosphate butter (х ) 


Experimenta! points are the average of multiple measurements (at least three) and the standard 
deviations are reported Continuous lines were obtained by applying eqn (1) with the 
parameters reported in Table 1 For further details sea the text 


pH unit with respect to that of wt MnP, in both the oxidized and 
reduced forms (see Table 1). These results suggest that the 
protonation of N, of the proximal His" residue might be 
responsible for the proton-linked modulatory role on the redox 
properties of MnP. As a matter of fact the very close proximi y 
of a negatively charged carboxy group (of Asp**) may induce ап 
increase in the pK, of N, of the 1midazole group of His!*?, and 
this was observed in wt MnP (i.e. 9.39+0.16 in the oxidized form 
and 8.17+0.13 in the reduced form, see Table 1). The substitution 
of aspartate with glutamate induced only a limited change and 
only in the oxidized form (see Table 1). This may be due to the 
fact that the tonic character of the interaction with N, was 
unaffected by this mutation. The interaction between N, of Hist”? 
and the residue in position 242 may still be present in the D2425 
mutant. This would occur through hydrogen-bonding of the 
imidazole N, with the hydroxy group of serine. Consistent with 
this hypothesis, the lower pK, value for the reduced form may be 
related to a decreased polarizing effect of Азр“ on N, of the 
proximal imidazole group. This may possibly be associated to a 
redox-linked conformational change of the proximal portion of 
the haem pocket, which affects the orientation and/or the distance 
between the residue at position 242 and N, of His!??. The very 
marginal effect, if any, on the second protonation event at acid 
pH values upon removal of the negative carboxy group in D2428 
(see Table 1) rules out any possible involvement of Hist”? in the 
modulation of this proton-linked process. It is 1mportant to 
point out that the heterogeneous electron transfer (k,) at 25 °C in 
the D242S mutant displayed similar values to the wt MnP (i.e. 
k, = 4.0( 0.3) x 107 cm/s at pH 5.0 in 0.1 M sodium acetate, k, 
== 7.5(+1.0)x 107* cm/s at pH 7.0 in 0.1 M sodium phosphate 
and К, = 1.9(+0.3) x 107* cm/s at pH 9.2 in 0.1 M sodium car- 
bonate), suggesting that the mutation does not appreciably affect 
this parameter. 

On the other hand, it is very interesting to remark that the 
nature of the buffer affected the electrochemical behaviour of 
the D242S mutant, such that the value of E, at very alkaline pH 
values was much less negative in the presence of phosphate (see 
Figure 4 and Table 1). The presence of phosphate also caused an 
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increase in the pX,, values in both the oxidized and reduced 
forms of the D242S mutant relative to the wt species (see Table 
1). The phosphate also affected the values of pK,,, rendering 
them even higher than that observed in the wt enzyme (see Figure 
4 and Table 1) In the previous spectroscopic characterization of 
these mutants it was found that phosphate facilitated the removal 
of the distal Ca**, which occurs with a pK, intermediate between 
the pK,, and pK,, values. Apparently this effect was not detected 
in our measurements, because the pK, value of this process is the 
same for the oxidized and the reduced state. Alternatively, it 
could occur that the protein experiences slightly different pK, 
values in the oxidation states with and without distal Ca**. In 
any event, it appears that phosphate is able to modulate, 1n a 
specific way, the redox properties of MnP, a feature which 
cannot be attributed to only the negative charge on the phosphate, 
since the E, value and two рК, values are all affected. 

The functional effects of mutating Phe!*? were less apparent. 
As shown ш Figure 3(C), the F190V mutation did not induce a 
significant variation 1n either of the pK, values of groups, which 
affect the redox properties of the enzyme (see Table 1). In the 
case of the FI90L mutant (see Figure 3D), only the redox 
potential E, was affected (see Table 1) This result suggests that 
the longer aliphatic chain of leucine may induce, like in the case 

f the glutamyl residue in position 242 (see above), some steric 
fistorbance to the conformation of the proximal Hist”? residue. 
This conformational change in turn renders the reduction process 
less favourable. However, in both mutants the substitution of 
Phe!*? did not induce any effect on the proton-linked equilibria 
of the oxidized and reduced forms (see Table 1). This indicates 
that, as expected, this residue 1s not involved in interactions that 
regulate the pK, of functionally relevant groups. 

The ‘acid’ transition is completely unaffected by mutations at 
residues 242 and 190. This proton-linked feature is most likely 
attributed to a group that does not interact with the proximal 
side of the haem pocket of MnP, and its identification must await 
further investigation on additional mutants in different portions 
of the haem pocket. 

In conclusion, the comparison between wt MnP and site- 
directed mutants provides a significant contribution to a deeper 
understanding of the system through the pH-dependence of 
redox potentials, allowing us to discriminate between effects on 
pK, values from the intrinsic redox potential(s). This confirms 
the requirement for a complete investigation on the electron- 
proton coupling in order to afford a general description of the 
functional modulation mechanism 1n an electron carrier. 
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Glucocorticoids induce a near-total suppression of hyaluronan synthase 
mRNA in dermal fibroblasts and in osteoblasts: a molecular 
mechanism contributing to organ atrophy 
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Glucocorticoid (GC) administration induces atrophy of skin, 
bone, and other organs, partly by reducing tissue content of 
glycosaminoglycans, particularly hyaluronic acid (HA). We took 
advantage of the recent cloning of the three human hyaluronan 
synthase (HAS) enzymes (HAS1, HAS2 and HAS3), to explore 
the molecular mechanisms of this side effect. Northern and slot 
blots performed on RNA extracted from cultured dermal fibro- 
blasts and the MG-63 osteoblast-like osteosarcoma cell line 
indicated that HAS2 1s the predominant HAS mRNA in these 
cells. Incubation of both cell types for 24 h in the presence of 
10* M dexamethasone (DEX) resulted in a striking 97-98% 
suppression of HAS2 mRNA levels. Time-course studies in 
fibroblasts demonstrated suppression of HAS2 mRNA to 28 % of 
control by 1 h, and to 1.2% of control by 2h, after addition 
of DEX. Dose-response studies in fibroblasts indicated that the 
majority of the suppressive effect required concentrations charac- 
teristic of cell-surface GC receptors, a point confirmed by 
persistent DEX-induced suppression in the presence of RU486, 
an antagonist of classic cytosolic steroid hormone receptors. 


Nuclear run-off experiments showed a 70% suppression of 
HAS2 gene transcription in nuclei from DEX-treated fibroblasts, 
which is unlikely to fully explain the rapid 50—80-fold reduction 
in message levels. Experiments with actinomycin D (AMD) 
demonstrated that the message half-life was 25 min in cells 
without DEX, whereas the combination of AMD with DEX 
dramatically increased the half-life of HAS2 mRNA, suggesting 
that DEX acts by inducing a short-lived destabilizer of the HAS2 
message. Direct assessment of HAS2 mRNA stability by wash- 
out of incorporated uridine label established a half-life of 31 min 
in cells without DEX, which substantially shortened in the 
presence of DEX. In conclusion, GCs induce a rapid and sus- 
tained, near-total suppression of HAS2 message levels, mediated 
through substantial decreases in both gene transcription and 
message stability. These effects may contribute to the loss of HA 
in GC-treated organs. 


Key words: extracellular matrix, fibroblasts, hyaluronic acid. 





INTRODUCTION 


Hyaluronic acid (HA; also called hyaluronan) is an ancient, 
highly conserved, extracellular glycosaminoglycan that serves 
many crucial physiologic functions, including barrier effects, 
tissue resilience and elasticity, control of cell proliferation and 
migration, wound healing, and organization of hyaluronan- 
binding molecules, such as hyalectin-type chondroitin sulphate 
proteoglycans, fibrinogen, and types I and VI collagen into 
macromolecular assemblies [1—6]. HA is found in nearly every 
tissue in vertebrates. Although the amount of HA 1n extracellular 
matrix is reduced in several human conditions, including cu- 
taneous atrophy, aging, impaired wound healing, and possibly 
osteoporosis, the molecular control of tissue HA content is 
incompletely understood [7-9]. 

HA is synthesized by monomeric enzymes, called hyaluronic 
acid synthases (HASs), that use both sugar precursors, UDP- 
glucuronic acid and UDP-N-acetyl glucosamine, to assemble the 
glycosaminoglycan chain. The mode of synthesis is unique 
amongst macromolecules since it is proposed to occur at the 
plasma membrane, and during its synthesis the developing HA 
molecule is extruded directly into the extracellular space [10]. 
cDNAs encoding human HAS], human HAS2, and a partial 


sequence of human HAS3 have been reported [10-12], and the 
chromosomal locations of the three human HAS genes have been 
identified [13]. In addition, homologues in many other species 
have been reported, including full-length sequences encoding the 
murine Hasl, Has2 and Has3 [13-15]. 

Studies using these molecular tools to examine HAS regulation 
have only recently begun to appear in the literature. Murine 
cumulus cell-oocyte complexes isolated immediately after in- 
ducing an ovulatory cycle (at which time they do not synthesize 
HA), showed no HAS2 mRNA by reverse-transcriptase- 
mediated PCR, but when HA synthesis begins 3—4 h later, HAS2 
mRNA was expressed at high levels [16]. Similarly, in cultured 
human dermal fibroblasts and epidermal keratinocytes, trans- 
forming growth factor-f, a known stimulus for HA synthesis 
[17], increased the levels of HAS] апа HAS2 message (HAS3 
message was not examined) [18]. These studies suggest that 
HAS message levels, possibly reflecting gene transcription, 
control HA synthesis. In addition, the promoter sequence for 
murine Has] was recently determined and found to contain 
several potential binding motifs for transcription factors [19]. 

In the present study, we sought to determine the effect of 
glucocorticoids (GCs) on the molecular regulation of HA 
synthases in skin and bone cells. GCs are widely used therapeutic 


Abbreviations used: AMD, actinomycin D, DEX, dexamethasone, DMEM, Dulbecco's modified Eagle's medium, FBS, fetal bovine serum; GAG, 
glycosaminoglycan, GC, glucocorticoid, HA, hyaluronic acid; HAS, hyaluronan synthase. 
1То whom correspondence should be addressed (e-mail werth@mail.med.upenn.edu). 
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agents with a serious side effect of reducing the tissue content of 
glycosaminoglycans, especially HA [9,20,21]. The resulting organ 
atrophy, particularly of skin and skeleton, produces substantial 
morbidity and mortality [22,23]. We found that the predominant 
HAS in cultured human dermal fibroblasts and osteoblast-like 
osteosarcoma cells is HAS2, and that GCs induce a large and 
rapid suppression of HAS2 expression in these cell types through 
effects on both transcription and mRNA stability. These mol- 
ecular effects are likely to contribute to GC-induced atrophy of 
skin and skeleton in vivo. 


EXPERIMENTAL PROCEDURES 
Chemicals 


RNAzol B was purchased from Tel-Test (Friendswood, TX, 
U.S.A ). Dexamethasone (DEX) was obtained from American 
Regent Lab, Inc. (Shirley, NY, U.S.A.). All other chemicals were 
obtained from Fisher and Sigma. 


Cultured cells 


Normal human dermal fibroblasts and the human osteosarcoma 
cell hne, MG-63, a well-established model of osteoblasts [24], 
were obtained from the A.T C C. (Rockville, MD, U.S.A.). Cells 
were plated in Petri dishes (100 mm diameter; Corning, NY, 
U.S.A.) in Dulbecco's modified Eagle medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS), and grown 
to 90% confluency, at which point the media were replaced 
by DMEM/10% FBS, with or without DEX (14M). 
The DEX dose-response experiment was carried out with doses of 
DEX ranging from 0.15 pM to 154M. Experiments with 
RU486, a specific antagonist of classic cytosolic steroid hormone 
receptors [25], were performed by pre-incubating fibroblasts for 
14hin DMEM/10% FBS, without or with this agent, followed 
by the addition of 1 4M. DEX, and then a further 2h 
incubation. 


cDNA probes 


The cDNA sequence in GenBank? for each human HAS enzyme 
was used to design specific PCR primers to amplify a segment 
near the 3° end of each coding region. These segments were 
chosen based on their relatively poor conservation amongst 
HASI, HAS2 and HAS3 cDNAs, and the fact that only the 3 
end of the human HAS3 cDNA sequence 1s currently available. 
The sequence portion and primers for each human HAS cDNA 
were as follows: HASI, from bp 1116-1715 [11] using sense 
primer 4’-tgctactcagagacgecctc-3’ and antisense primer, 5’- 
ccagtacagcgtcaacatgg-3'; HAS2, from bp 1445—2016 [12] using 
sense primer 5’-tttatgggcaaccaatgtage-3’ and antisense primer 5’- 
aaaatcacaccacccaggag-3'; and HAS3, from bp 2-490 [15] using 
sense primer 5’-cctactttggctgtgtgcag-3’ and antisense primer, 5’- 
agatcatctctgcattgccc-3'. As template for these PCR reactions, we 
used cDNA that we had synthesized using reverse transcriptase 
(Superscript H, Gibco BRL, Gaithersburg, MD, U.S.A), 
oligo(dT) primers, and total RNA isolated from cultured human 
umbilical vein endothelial cells. Each PCR reaction generated a 
single band of the correct molecular mass (approx. 600 bp for 
each), which was then cloned into the T-tailed vector pCRII 
(Invitrogen, Carlsbad, CA, U.S.A.), and the identity of each 
insert was confirmed by sequencing. 

To obtain HAS cDNA for labelling, the T-tailed vectors with 
the appropriate insert either were digested with EcoRI, or were 
used as template for a second PCR reaction that employed the 
same primers as above. As a housekeeping control, we used a 
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probe for 18 S ribosomal RNA (1.5 kb), which was cloned into 
the pBluescript SK* vector, then digested with EcoRI to obtain 
an 18 S cDNA fragment for labelling. All probes were ?*P- 
labelled by random priming (Strategene, La Jolla, CA, U.S.A.) 
for use in Northern and slot blotting. 


Northern blotting and siot blotting 


Cellular RNA was extracted by adding RNAzolB (Tel-Test) 
directly to 100 mm Petri dishes, followed by standard RNA 
isolation procedures using phenol/CHC], extraction and iso- 
propanol precipitation. Specific binding was confirmed for each 
labelled probe by Northern blot. For slot blots, total fibroblast 
RNA was applied to nylon membranes (Magna Charge 45 um 
nylon transfer membranes; MSI, Westboro, MA, U.S.A.) using 
a slot-blot apparatus (10 ug/slot), and then hybridized to labelled 
cDNA probes [26]. The level of each transcript was quantified 
by Phosphorlmage (Molecular Dynamics, Sunnyvale, CA, 
U.S A.) and normalized to 18 S RNA. In our initial experiments 
to compare levels of the three HAS messages ın cultured cells, the 
mass of each HAS mRNA and of 18 S was calculated based on 
its PhosphorImage signal, and the specific radioactivity of the 
labelled cDNA probe used for hybridization. 


Nuclear run-off assay 


Cultured cells were treated with or without DEX for 2 h, and 
then nucle: were isolated, resuspended in storage buffer [50 mM 
Tris/HCl (pH 8.3, 5mM MgCl, 01 M EDTA with 40% 
glycerol], and kept in liquid nitrogen until use. The run-off 
reaction was performed by incubating thawed nuclei with ATP, 
СТР, GTP, and [a-?? PJUTP. Newly completed, labelled RNA 
was isolated after 30 min, using isopropranol precipitation with 
Trizol (Gibco BRL). Labelled HAS2 and 18S RNAs were 
quantified by hybridization to unlabelled immobilized HAS2 
and 185 cDNAs on a slot-blot apparatus, followed by auto- 
radiography on a PhosphorImager, using established procedures 
[27]. 


Assessment of HAS2 message half-life using actinomyeln-D 


Subconfluent fibroblasts were incubated for 30 min with 1.0 uM 
DEX or control media, then the cells were treated with 
actinomycin D (AMD; 5 ug/ml) to block further RNA synthesis. 
RNA was obtained upon addition of AMD, then at 20 min, 
40 min, and 90 min thereafter Quantifications of mRNA for 
НА $2 by slot blot were normalized to 18 S RNA, which is useful 
for these kinds of studies owing to its extremely long half-life [28]. 
Data were displayed by semi-log plot, and й values were 
computed from linear regression of the In of normalized mRNA 
values versus the time after addition of AMD, as previously 
described [28]. 


Direct assessment of HAS2 message half-life by wash-out of 
incorporated uridine label 


Cells were labelled essentially to the steady state by incubation 
with [*H]uridine for 2 days and then rinsed with PBS. A wash- 
out was performed by incubation of cells in the presence of 
excess unlabelled uridine for the rest of the experiment [29]. After 
l h of uridine wash-out, DEX was added to half the cells At 
several tume points after wells had received DEX (0, 15 and 
60 min), residual tritium label in the HAS2 and 18 S RNAs was 
quantified. The quantification was performed by hybridization 
of total cellular RNA for 2 days with excess unlabelled HAS2 
and 18 S cDNA probes which had been bound to nitrocellulose 





membranes. These membranes were washed, and then bound 
?H-labelled RNA was eluted with 0.5 ml of М NaOH for 3 min 
at 95 ^C. The eluate was neutralized with | M HCl. and radio- 
activity quantified using a liquid scintillation counter (Beckman 
LS 60001C). Data were displayed by semi-log plot, and z} values 
were computed from linear regression of the In of normalized 
mRNA values versus the time after addition of DEX. 


Statistics 


Unless otherwise indicated, summarv statistics are reported as 
means + S.E.M.; = 3. Comparisons between two means were 


performed using the unpaired two-tailed / test. Comparisons of 


several groups simultaneously were performed by initially using 
ANOVA, When the ANOVA indicated differences among the 
groups, pairwise comparisons were performed using the Student- 
Newman-Keuls q statistic [30]. Standard errors for the differences 
between means of groups with equal п were calculated as the 
square root of the sum of the squares of the individual S.E. 
values. Absent error bars in graphical displays of summary 
statistics for z = 3 indicate S.E.M. values smaller than the drawn 
symbols. 


RESULTS 


Quantification of HAS messages in cultured human fibroblasts and 
osteosarcoma cells 


Total RNA was isolated from subconfluent cultured human 
fibroblasts and analysed by Northern blotting using **P-labelled 
HASI, HAS2 or HAS3 cDNA probes. As expected [18], HASI 
mRNA was detected as a single 2.4 kb band, and HAS2 mRNA 
was detected as two bands of 3.2 kb and 4.8 kb. No HAS3 
message was detected in the RNA from these cells. Quantitative 
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Figure 1 Quantitative comparison of HAS message levels in the absence 


of GCs 


RNA was extracted from cultured fibroblast monolayers and analysed by slot biot. The filters 
were hybridized sequentially with HAST, HAS2 and HAS3 cDNA probes and then rehybridized 
with the 18 5 probe. The mass of each RNA was computed, based on the radioactive signal 
and the specific radioactivitles of the labelled cDNA probes. Displayed are HAS mRNA mass 
data, normalized to 18 5 mass. ANOVA indicated differences amongst the groups (P < 0.0001 ; 
Student--Newman--Keuls test indicated that the normalized HAS2 mRNA level was greater than 
either the HASI ar the HAS3 signals, and that HAST was greater than HAS3; P < 0.01 for 
each of these pairwise comparisons). 
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Figure 2 Effect of DEX on HAS2 mRNA levels in cultured fibroblasts and 
osteosarcoma MG-63 cells 
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labelled HAS2 cDNA probe. The inset (18 5) shows the result from stripping then hybridizing 
the same biot with a labelled 18 S probe. 


analysis of triplicate slot blots showed that the dominant HAS 
message in control fibroblasts encodes HAS? (Figure 1). Virtually 
identical results were obtained in the MG-63 osteoblast line. 
Therefore our subsequent studies focused on the HAS? message. 


Effect of DEX on HAS2 message levels 


Twenty-four hours after addition of 1 ~M DEX or control buffer 
to cultured cells, total RNA was harvested and analysed by 
Northern blot. In DEX-treated fibroblasts, the 4.8 kb and 3.2 kb 
HAS2 mRNA bands, normalized to 18 S, were suppressed by 
98 ", and 97", respectively, compared with their levels in contro! 
cells (Figure 2, fibroblast lanes, + versus — ). Similarly, DEX- 
treated osteosarcoma cells exhibited а 98°, suppression of both 
HAS? bands compared with control cells without DEX (Figure 
2, osteosarcoma lanes, + versus — ). 

The time course of DEX-induced suppression of HAS2 mRNA 
was examined in fibroblasts in a long-term study. which indicated 
a sustained effect over 36 h (Figure 3A), and subsequently in a 
shorter study, which indicated near-total suppression of HAS2 
message by 2 h (Figure 3B). HASI mRNA suppression was also 
observed, but to a smaller degree (by 25°, +7.6°%) at 24h, P < 
0.03). Thus GCs induce a rapid, sustained, near-total suppression 
of HAS2 mRNA, the predominant HAS message in these cells, 


Pathways for DEX signalling 


GCs exert effects through three distinct pathways [31]: (i) the 
classic cytosolic GC hormone receptor. which is activated in 
more than 30 min by | pM-1 nM prednisone equivalents [31]. 
Le. between 0.14 pM and 0.14 nM DEX (0.75 mg of DEX is 
equivalent to 5.0 mg of prednisone, and the ratio of molecular 
mass is 1.09), and is inhibited by the general antagonist. of 
cytosolic steroid hormone receptors, RU-486 [25]: (1i) putative 
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Figure 3 Time courses for DEX-Induced suppression of HAS2 mRNA 


Fibroblasts were incubated with DEX for the Indicated times, and then RNA was harvested 
Displayed are the results from іпрісаів sict-bhot quanbfications of HAS2 mRNA normalized to 
18 5 RNA in (А) long-term and (B) short-term incubations 


cell-surface steroid hormone receptors, which are activated within 
seconds to 1—2 min by 0.14 nM or greater DEX; and (ui) direct 
physical actions on cellular membranes, which require seconds 
and > 14 М DEX [31]. Thus rapid suppression of HAS2 
mRNA by 1 #M DEX зз consistent with the characteristics of 
cytosolic and cell-surface receptors, but not direct physical effects. 

Two methods were used to distinguish the roles of these 
different classes of receptors. First, we examined the dose 
response of DEX-induced suppression of HAS2 mRNA in 
fibroblasts. Figure 4 shows that < 45% suppression of HAS2 
mRNA occurred at 0.15 pM and 0.15 nM DEX, consistent with 
a limited contribution from cytosolic receptors, but the full sup- 
pression required 1.5 nM and 1.5 uM DEX, consistent with a 
predominant role for the cell-surface steroid hormone receptors. 
Secondly, blocking experiments were performed with RU486, an 
antagonist for cytosolic steroid hormone receptors. In the absence 
of DEX, RU486 produced approx. 50% decreases in HAS2 
mRNA (Figure 5), possibly because of blockage of other non- 
GC steroid hormones [32,33]. Addition of DEX in the absence or 
presence of RU486, however, produced a near-total suppression 
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Figure 4 Dose response for DEX-Induced suppression of HAS2 mANA 


Fibroblasts were Incubated with the indicated concentrations of DEX, and RNA was harvested 
24 h later Displayed are the results from duplicate Northern-blot quantitications of HAS2 mRNA 
normalized to 18S RNA The non-zero doses of DEX (0.15 pM, 015 nM, 15 nM and 15 uM) 
are indicated on the x-axis as the base,, log 


of HAS2 mRNA levels, confirming that the majority of DEX- 
induced suppression is independent of cytosolic steroid hormone 
receptors. Taken together, these results suggest a major role for 
the cell-surface receptors. 


Molecular mechanisms of DEX-induced suppression of HAS2 
message levels 


To explore the molecular basis for the large effect of GCs on 
HAS2 message levels, we began by examining HAS? transcription 


HAS2/18s 
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Figure 5 Lack of effect of RU486 on DEX-Induced suppression of HAS2 
mRNA 


Fibroblasts were incubated with 1 0 or 100 uM RU486 overnight, as indicated, followed by a 
2 h incubation without (—) or with (+) 1 uM DEX RNA was harvested 2 h later Displayed 
are the results from duplicate Northern-blot quanbficabons of HASZ mRNA normalized to 
18S RNA 
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Figure 6 Effect of DEX on HAS2 gene transcription 


Nuclei isolated from fibroblasts which had been pre-incubated for 2 h in the presence (А) or 
absence (B) of 1 «М DEX were allowed to complete the synthesis of RNA molecules during 
an incubation in the presence of labelled nucieotide precursors. (A, B) Autoradiograms of newly 
completed labelled HAS? and 18 S RNAs, which were captured by hybridization to unlabelled, 
immobilized HAS? and 18 S cDNAs on a membrane. (C) Graphical representation of the same 
information quantitatively. DEX caused a significant reduction in the ratio of labelled HAS2 to 
18 S RNA made by these посіві (P « 0.001). 


using the nuclear run-off assay. Nuclei isolated from fibroblasts 
that had been pre-incubated for 2 h in medium supplemented 
with DEX consistently showed a 70°, reduction in HAS2 mRNA 
transcription rate compared with control nuclei isolated from 
cells pre-incubated without DEX (Figure 6). Though sub- 
stantial, this suppression of transcription is inadequate to 
explain the rapid and large effect seen on HAS2 mRNA levels. 

To examine HAS2 message stability, we used the standard 
approach of adding AMD, an inhibitor of RNA synthesis, to 
DEX-treated or control cells, then following the disappearance 
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Figure 7 Assessment of HAS2 message half-life using actinomycin D 


Fibroblasts were placed into media with or without DEX af f= -- 30 min {+ DEX). АРІ = 
0. ali cells were given AMD (+ AMD). Displayed is a semi-log pict o! HASZ message levels, 
normalized to 18 S, at the indicated times. 
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Figure 8 Direct assessment of HAS2 message half-life by wash-out of 
incorporated uridine label 


Fibroblasts were incubated with ["Hluridine for two days, and then a wash-out was performed 
by incubation of ceils in excess unlabelled uridine. At 1 h into the wash-out, DEX was added 
(diamonds) or nol (squares). Displayed is a semi-log plot of residual tritium label in HAS? 
message, normalized to the residual label in 195, at the indicated times. 


of specific RNAs (i.e. HAS2 mRNA and 18 S) over time. Using 
this approach, we determined that the half-life of HAS2 mRNA 
in cultured human fibroblasts in the absence of DEX was 25 min 
(Figure 7). Notice that this half-life will not permit 98°, of 
HAS2 mRNA to disappear in just 2 h (four half-lives), even if 
transcription completely stops. Addition of DEX 30 min before 
addition of AMD resulted in an initial fall in HAS2 mRNA 
(Figure 7; f=), consistent with our earlier results, whereas 
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addition of AMD led to a marked decrease in rate of HAS2 
mRNA degradation (Figure 7). This prolongation of mRNA 
half-life in the presence of DEX and AMD suggests that AMD 
in this circumstance may be blocking the synthesis of a de- 
stabilizing factor, such as an RNase [34] We thus sought a 
direct method to measure HAS2 mRNA half-life that did not 
require the use of metabolic inhibitors with potential secondary 
effects. 

Our next approach was steady-state labelling of RNA by 
prolonged incubation of cells with PH]uridine, followed by а 
wash-out in the presence of excess unlabelled uridine, during 
which we examuned the disappearance over time of label- 
led HAS2 and 18S RNA. In the absence of DEX, uridine-labelled 
HAS2 mRNA disappeared from cells with a half-life of 31 min 
(Figure 8), consistent with our earlier results using AMD. In 
contrast, uridine-labelled HAS2 mRNA in DEX-treated cells 
exhibited a substantially faster decline, with a half-hfe of less 
than 4min (Figure 8; notice that by 20 min, the labelled 
HAS2 message was already below the limits of detection of this 
assay). Additional experimentation confirmed the half-life of 
HAS2 mRNA of just under 30 min m the absence of DEX, but 
with some variability in the half-life in the presence of DEX 
(though always below 16 min). 


DISCUSSION 


In this report, we have shown that GCs rapidly induce a sustained, 
near-total suppression of HAS2 mRNA, which we found to be 
the predominant HAS message in dermal fibroblasts and 
osteoblast-like cells. Dose-response studies ın fibroblasts 
indicated that the majority of the suppressive effect required 
concentrations characteristic of cell-surface GC receptors, a 
point confirmed by persistent DEX-induced suppression in the 
presence of RU486, an antagonist of classic cytosolic steroid 
hormone receptors. The molecular mechanism for GC-induced 
suppression of HAS2 message involves a combination of 
decreased gene transcription and decreased message stability It 
is likely that these effects contribute to the substantial loss of HA 
from skin, skeleton and other organs during GC-induced organ 
atrophy in vivo 

HA plays specific, essential roles in skin and skeleton. Skin 
contains about half of the total body HA [35], the major 
hyalectin proteoglycan in skin is versican, which assembles along 
strands of HA [36]. In normal skin, HA 1s found in the inter- 
cellular spaces of the epidermis, with the exception of the 
upper granular layer and stratum corneum. In the dermis, 
staining for HA 1s diffuse throughout, but 1s increased below the 
basement membrane and around the skin appendages [37]. In 
epidermis and dermis, large networks of HA, with versican and 
other molecules, form a highly charged lattice that enhances the 
epidermal barrier as well as tissue resiliency Regarding wound 
healing, the absence of cutaneous scarring in fetuses has been 
related to the high content of HA and cell-surface HA receptors 
in fetal skin [17,38]. During treatment with GCs, several changes 
occur in skin that contribute to atrophy of that organ [27]. 
Histologically, the atrophic changes in skin from GC treatment 
are characterized by thinning of the epidermis and a large 
decrease in dermal ground substance [28], which is largely 
composed of glycosaminoglycans (GAGs), including HA. GC 
treatment not only reduces the quantity of various GAGs but 
also changes the distribution, the relative proportion, and the 
structure of connective-tissue proteoglycans, partly because of 
the loss of HA, which ordinarily serves as a scaffold for other 
matrix components. 
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In bone and cartilage, the major hyalectin proteoglycan 1s 
aggrecan, which also assembles along strands of HA [39]. HA 
and proteoglycans, particularly aggrecan in the osteoid matrix, 
are involved in muneralization [40] The distribution of 
hyaluronan in vitamin D-treated chick bone and the alterations 
observed in rachitic tissue suggest an essential role for 
hyaluronan in endochondral bone formation [4]]. 

Tissue content of HA 1s controlled by the synthesis and 
degradation of this molecule. HA has a short half-life in many 
tissues the il is only 0.5 day in skin and joints [2,35,42]. Thus 
changes in HA synthesis can lead to rapid changes in tissue HA 
content HAS protein has an extremely short half-life of 2—4 h, 
and enzyme activity 1s 6.5 times higher 1n exponential growth 
phase versus stationary growth phase cells [3]. GCs are already 
known to suppress HA synthesis in dermal fibroblasts [20,21], 
cartilage chondrocytes [43], synovial fibroblasts [44] and palate 
cells [45]. Intra-articular injection of GCs into knee joints reduces 
the levels of proteoglycans and HA 1n articular cartilage [46]. 
Systemic administration of pharmacological] doses of GCs causes 
significant dermal atrophy, leading to thinning of skin, easy 
bruising, and cutaneous ulceration [22,47]. Systemic GCs also 
cause atrophy of bone, leading to fractures [23] In both skin and 
bone, these changes involve a substantial loss of matrix, which is 
primarily GAGs and collagen [48]. Our results suggest that a 
major molecular mechanism for GC-induced organ atrophy is 
rapid, prolonged and near-total suppression of HAS2 message. 

Our dose-response studies and the results of addition of 
RU486 are consistent with a major role for the putative cell- 
surface GC receptors (with some contribution from the classic 
cytosolic GC receptors) in the suppression of HAS2 message. 
Cell-surface GC receptors appear to act via intracellular second 
messengers, such as InsP,, Ca,*, or protein kinase C [31] Effects 
mediated by cytosolic GC receptors can be direct, if there are GC 
response elements in the promoter of the target gene, or indirect, 
if the target gene responds to a protein, such as a cytokine, which 
is regulated by GCs. The HAS2 promoter has not yet been 
characterized, but the promoter for HAS/ contains no known 
GC response elements, although several motifs associated with 
cytokine responsiveness are present [19]. It 15 known that 
transforming growth factor- increases HAS! and HAS2 message 
[18], and that GCs suppress the effects of this cytokine [49]. 
Several other cytokines, including interleukin-1, tumour ne- 
crosis factor-a, epidermal growth factor and platelet-denved 
growth factor, also up-regulate HA synthesis [50,51], and GCs 
suppress many of these cytokines as well [52]. Thus it ts possible 
that some of the effects of GCs on HAS2 mRNA levels, par- 
ticularly during prolonged exposure, may involve the classic cyto- 
solic GC receptor acting indirectly through suppression of 
cytokines or cytokine action We also found that AMD, an 
inhibitor of RNA synthesis, stabilizes the HAS2 message in the 
presence of DEX (Figure 7) Such findings are usually interpreted 
as implying the existence of a destabilizing factor, such as a 
specific RNase [34], which in this case would be induced by DEX 
and required for the effect of the drug оп HAS2 message half-life. 

The HAS enzymes are attractive targets for pharmacological 
manipulation. Enhancing levels of HAS messages, HAS enzymes, 
HA synthesis and tissue HA content could improve cutaneous 
elasticity and resiliency, skeletal integrity, and perhaps scar-free 
wound healing Furthermore, the devastating side effects of GC- 
induced organ atrophy mught be lessened or averted. 
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Indirect induction of suppressor of cytokine signalling-1 in macrophages 
stimulated with bacterial lipopolysaccharide: partial role of 


autocrine/paracrine interferon-a/f 
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It has previously been reported. by us that a brief prior exposure 
of mouse bone marrow culture-derived macrophages to bacterial 
lipopolysaccharide (LPS) resulted in a dramatic reduction in 
their ability to produce NO in response to a subsequent stimulus 
with either interferon-y (IFN-y) or IFN-y plus LPS. We show 
here that this brief exposure to LPS results in an impaired 
response to subsequently added IFN-y A 2—4 h pretreatment 
with LPS leads to a dramatic reduction in the IFN-y-induced 
DNA-binding of the transcription factor, signal transducer and 
activator of transcription la (STAT1a). This loss in ability to 
activate STAT1a temporally correlates with the LPS-induced 
accumulation of mRNA- encoding the suppressor of cytokine 
signalling-1 (SOCS-1). However, LPS does not directly induce 
the synthesis of SOCS-1. Rather, LPS induces the synthesis 
of autocrine/paracrine factors that are the true mediators of 


SOCS-1 induction. IFN-«/f/ is one of these mediators, but 
plays only a partial role in the induction of SOCS-1 because 
neutralization of LPS-induced IFN-«/f production incompletely 
inhibits the induction of SOCS-1. We show that mouse IFN-# 
directly induces the synthesis of SOCS-1, without the need for 
prior protein synthesis, and does so with faster kinetics than does 
LPS. Our results are consistent with the non-specific nature 
of LPS-induced tolerance and provide a mechanistic insight mto 
nonspecificity; LPS indirectly induces the synthesis of a protein 
mediator, SOCS-1, which inhibits the signalling that is induced 
by IFN-y. 


Key words: cellular activation, nitric oxide, signal transduction, 
tolerance/suppression. 





INTRODUCTION 


Bacterial lipopolysaccharide (LPS) elicits a multitude of effects 
on the immune system and other organ systems of many 
vertebrates (reviewed in [1]). Systemic release of LPS induces the 
synthesis of numerous cytokines (including, for the purpose of 
our discussion, the interferons), growth factors, eicosinoids, and 
reactive oxygen and reactive nitrogen species [2]. While LPS may 
play a direct role in the induced synthesis of a number of these 
molecules, many of the biological effects of LPS are indirectly 
elicited by these secondary mediators, especially proinflammatory 
agents such as tumour necrosis factor-a [3], interleukin-1 (IL-1) 
[4], interferon-y (IFN-y) [5] and IL-8 [6]. 

Prior exposure to sublethal quantities of LPS, however, results 
in decreased responsiveness to a second challenge with LPS, a 
phenomenon referred to as ‘LPS tolerance’ [7]. Tolerance can be 
observed within hours of primary exposure to LPS and leads to 
a suppressed ability to produce many of the proinflammatory 
agents mentioned in the preceding paragraph [8]. Using whole 
animal models, the principal cellular mediator of tolerance has 
been shown to be the monocyte/macrophage lineage [9]. In fact, 
numerous reports support the conclusion that both macrophage 
cell lines [10-14] and ex vivo isolates of normal macrophages 
[12,13,15—19] can be rendered tolerant to LPS after their in vitro 
exposure to it. What is also clear is the fact that primary exposure 
to LPS renders macrophages tolerant not only to LPS, but to 


other proinflammatory mediators (see [8,9] and the Discussion 
section in this paper). 

It has been reported by us [16] and by other investigators [12], 
that a brief prior exposure of mouse macrophages to LPS 
suppresses their responsiveness (as measured by NO production) 
to subsequent stimulation with either IFN-y alone, or IFN-y 
plus LPS. The goal of the work reported here was to determine 
whether LPS pretreatment of macrophages might lead to a 
suppression of cellular signalling initiated by IFN-y. Our studies 
reveal that LPS treatment of mouse macrophages induce the 
synthesis of suppressor of cytokine signalling-1 (SOCS-1). SOCS- 
| has been shown to interfere with IPN-y signalling by inhibiting 
the IFN-y receptor-directed tyrosine phosphorylation events 
that occur after cellular binding of IFN-y [20]. We show that 
LPS does not, however, effect the direct induction of SOCS-1 
mRNA synthesis. Rather, LPS first induces autocrine/paracrine 
mediators, including IFN-z/f, that are subsequently responsible 
for the induction of SOCS-1. These results provide molecular 
evidence for the ability of LPS to indirectly induce the negative 
regulatory components of distinct signalling pathways. 


EXPERIMENTAL 


Cells, culture medium and reagents 


Male C3H/HeN mice were obtained from the National Cancer 
Institute (Bethesda, MD, U.S.A.). Mice were used at 6-9 weeks 


Abbreviations used: BMCDM, bone marrow culture-denved macrophages; CHX, cycloheximide, EMSA, electrophoretic mobility-shift assay, IFN, 
interferon, IL, interleukin; INOS, inducible ninc oxide synthase, JAK, Janus kinase, LPS, bacterial lipopolysacchande, SOCS, suppressor of cytokine 


signalling; STAT, signal transducers and activators of transcription 
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of age to isolate bone marrow culture-derived macrophages 
(BMCDM), as described previously [21]. BMCDM were grown 
in Eagle's modified minimal essential medium supplemented 
with 2 mM glutamine (Flow Laboratories, McLean, VA, U.S.A .). 
100 units/ml penicillin, 100 pg/ml streptomycin (Pfizer. New 
York, NY, U.S.A.), 15 mM Hepes (Sigma), 10%, fetal bovine 
serum (Hyclone, Logan, UT, U.S.A.) 5", equine serum 
(Hyclone), and L-929 cell-conditioned medium (as a source of 
colony-stimulating factor-1). Cells were collected after 10-14 
davs of culture by cold PBS treatment as described in [22]. 
centrifuged (4 ^C, 250 xg, 10 min), and resuspended in medium 
without L-929 cell-conditioned medium, and were incubated for 
24h at 37 ^C in 5", CO, in air before treatments. 

All culture media tested negative for detectable endotoxin by 
Limulus amebocyte lysate assay (Associates of Cape Cod, Woods 
Hole, MA, U.S.A.). at a sensitivity of 0.05 ng/ml. LPS, the lipid 
A-rich fraction П of phenol-extracted Escherichia coli ОТ: B4, 
was purchased from List Biological Laboratories (Campbell, 
CA, U.S.A.). Recombinant murine IFN-y (specific activity of 
1.27 x 105 units/mg) was provided by Schering-Plough Cor- 
poration (Bloomfield, NJ, U.S.A.) through the American Cancer 
Society (Atlanta, СА, U.S.A.) Rabbit. anti-mouse-IE N-x/f 
serum and normal rabbit serum were obtained from Access 
BioMedical (San Diego. CA, U.S.A.). Cycloheximide (CHX) 
was purchased from Sigma. 


Electrophoretic mobility-shift assay (EMSA) 


BMCDM were treated as indicated in the legend to Figure 1. 
Following treatment, nuclear extracts were prepared as described 
by Gao et al. [23,24]. The sequence of the synthetic oligo- 
nucleotide (Life Technologies) used for EMSA, which corre- 
sponded to the IF N-y-activated site C GAS ) of the inducible NO 
synthase (NOS) gene. was 5’-CTTTTCCCCTAACAC-3’, The 
pair of complementary oligonucleotides were end-labelled, using 
T4 polynucleotide kinase, and annealed as described in [25]. 
EMSA reactions were performed as described in [23.24]. A 20 yl 
aliquot of each reaction mixture was loaded on to a 5", poly- 
acrylamide gel containing 50 mM Tris/HCl, 2 mM EDTA. and 
0.38 M glycine. Electrophoresis was carried out at 350 V and 
4 ?C for 1.5 h. 


Northern-blot analysis 


Monolayers containing approx. 1.7 x 107 BMCDM were pre- 
pared on 100-mm diameter cell-culture plates. After treatment 
(as indicated in the Figure legends), total RNA was isolated 
using TRI Reagent (Sigma)followingthe manufacturer's protocol. 
A 10 ug portion of total RNA from each sample were electro- 
phoresed on а 1°, formaldehyde-agarose gel, blotted on to 
a Nytran nylon membrane by capillary transfer for 3 h using a 
TurboBlotter kit (Schleicher and Schuell, Keene, NH. U.S.A.), 
and baked at 80 °C for 1 h. Membranes were prehybridized for 
30 min at 55 °C with QuickHyb solution (Stratagene, La Jolla, 
CA, U.S.A.). The cDNA probe encoding mouse SOCS-1 (gener- 
ously provided by Dr Douglas Hilton, The Walter and Eliza Hall 
Institute for Medical Research, Parkville, Victoria, Australia) 
was radiolabelled using the Multiprime DNA labelling system 
(Amersham International). Heat-denatured probe (2.5- 
4 x 10’ c.p.m.) and 100 ng of hearing sperm DNA were then 
added to the prehybridization solution. Hybridization was per- 
formed at 55°C for I h, followed by four washes of 15 min 
each at 50°С (twice with 0.30 М NaCl/0.03 M sodium cit- 
rate/0.1 ^; SDS, and twice with 0.03 M NaCl/3 mM sodium 
citrate/0.1 *;, SDS). The membranes were then subjected to 
autoradiography in cassettes with intensifying screens at — 70 °С. 
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To ensure that equal amounts of RNA were examined, blots 
were stripped and then rehybridized with a radiolabelled cDNA 
probe encoding human glyceraldehyde-3-phosphate dehydro- 
genase. Figures 2(A) and 5(А) demonstrate that BMCDM 
mRNA for glyceraldehyde-3-phosphate dehydrogenase was 
induced by both LPS and IFN-/ respectively, at time points 
exceeding approx. 4 h. However, at shorter time intervals, mRNA 
encoding this enzyme provided an adequate control for 
mRNA loading in Northern blots. 


RESULTS 


Prior exposure of BMCDM to LPS inhibits the activation of 
transcription factor STAT1o by IFN-y 


Previous work from our laboratory [16] showed that a brief prior 
exposure of mouse macrophages to LPS for 2-4 h, followed by 
the addition of IF N-y for 2 h, resulted in a dramatic decrease in 
NO production when compared with concurrent stimulation 
with LPS plus IFN-» for 2h (NO was measured 16h after 
removal of LPS and IFN-y by washing). To determine the effect 
of prior exposure to LPS on IFN-y signalling, we pretreated 
BMCDM with LPS for 2 or 4 h, followed by washing and a 
subsequent 30 min treatment with LPS plus IFN-y. Nuclear 
extracts were then prepared and assayed for binding of the IFN- 
y-activated transcription factor, SFAT Iz, to the IF N-y-activated 
site located in the enhancer of the mouse iNOS gene. As shown 
in Figure 1, this pretreatment protocol resulted in a dramatic, 
time-dependent suppression in the binding of STATI to the 
iNOS IFN-y activated site. An average of three independent 
experiments revealed that STATI a binding was reduced by 27", 
after a 2h pretreatment with LPS, and by 56°, after a 4h 
pretreatment. 


LPS induces the accumulation of SOCS-1 mRNA 


To determine the molecular basis of LPS inhibitory effects on the 
subsequent stimulation by IFN-y, we examined whether LPS 
could induce members of the SOCS family of suppressors during 
the 2-4 hour pretreatment time span. Using probes for different 
members of the SOCS family of inhibitors, preliminary Northern- 
blot analysis of total RNA isolated from LPS-stimulated and - 
unstimulated cell cultures revealed that SOCS-1. mRNA was 
induced by this treatment (results not shown). 

To further elucidate the mechanisms of SOCS-1 induction by 
LPS, we first performed time-course and dose-dependency 





Figure 1 Brief prior exposure of macrophages to LPS suppresses the IFN- 
y-induced activation of STAT1a binding to the INOS IFN-; activated site 


Two cultures of BMCDM were incubated for 30 min with either medium alone (lane 1) or 
medium containing ! ng/ml ЕР5 + 100 units/mi IFN-y (lane 2). An additional set of two 
cultures were preincubated for either 2 h (Jane 3) or 4 h (lane 4) in medium containing 
1 ng/ml LPS. These latter two cultures were then washed, and fresh medium containing 1 ng/mi 
LPS -- 100 units/m! IFN-» was added for an additional 30 min. Nuciear extracts were then 
prepared from each culture and EMSAs were performed using 10 ug of each nuclear extract 
and an oligonucleotide probe containing the IFN-» activated site of the /NDS gene, as described 
in the Experimental section. 
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Figure 2  Time-course and dose-response analysis of the effects of LPS on 
SOCS-1 mRNA expression 


(A) Total RNA was isolated from BMCDM incubated for 0—24 h in medium containing 
100 ng/ml of LPS. Equal amounts of total RNA (10 xg) were electrophoretically size-separated, 
transferred to nylon membranes, and hybridized with a ""P-labelled mouse SOCS-1 cDNA 
labelled human glyceraldehyde-3-phosphate dehydrogenase probe. The result shown is 
representative of three independent experiments. (B) BMCDM were cultured in medium alone 
(ane 1) or medium containing LPS at concentrations of either 1 ng/ml (lane 2), 10 ng/ml (lane 
3), or 100 ng/ml (lane 4), Total RNA was isolated after 2 h of stimulation. А 10 ng aliquot of 
total RNA was analysed by Northern blot as described in (А). The results shown are 
representative of three independent experiments. 
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Indirect nature of LPS-induced SOCS-1 mRNA induction 


Figure 3 


BMCDM cultures were pre-incubated for 30 min in medium alone tanes 1, 3 and 41 or medium 
containing 3 «g/ml of CHX (lanes 2, 5 and 6). Medium was then replaced with medium alone 
(lane 1), or medium containing either CHX alone (lane 2), 100 ng/ml of LPS alone (lanes 3 
and 4), or LPS plus CHX (lanes 5 and 6). Cultures were subsequently incubated for the times 
indicated at the top of the Figure, Cultures represented by lanes 7 and 8 were incubated for 
the times indicated with cell culture supernatant (SUP), which had been transferred from 
primary BMCDM cultures that were treated for 2 h with 100 ng/mi of LPS. A 10 yg aliquot 
of total АМА, prepared from each culture, was subjected to Northern blotting as described in 
the legend to Figure 2. 


studies. Figure 2(A) shows the time course of SOCS-1 induction 
in BMCDM treated with 100 ng/ml of LPS. Accumulation of 
SOCS-1 mRNA was evident after 1 h of cellular exposure to 
LPS. Maximal accumulation was observed after 2-3 h of stimu- 
lation, with mRNA levels decreasing thereafter. Accumulation 
of mRNA occurred in a dose-dependent fashion, as shown in 
Figure 2(B). The induction of SOCS-1 mRNA accumulation was 
observed with as little as 1 ng/ml LPS, and reached a maximum 
with 100 ng/ml. 


Induction of SOCS-1 by LPS requires the synthesis of an 
autocrine/paracrine factor 


It has been reported that SOCS-1 is induced by a variety of 
cytokines, including IL-6 [26]. IFN-y [27]. and IL-4 [26.28]. Each 
of these cytokines signal via the Janus kinase (JAK)/STAT 
pathway of tyrosine kinases/transcription factors. It has been 
postulated that induction of SOCS-1 by these cytokines pre- 
cipitates а negative-feedback loop, which tempers the strength 
and duration of signalling by these cytokines [28]. Because LPS 
does not itself elicit signalling via the JAK/STAT pathway, 
but does induce the de novo synthesis of several cytokines that 
do signal via the JAK /STAT pathway, we wished to determine 
whether LPS exerted a direct or indirect effect on the expression 
of SOCS-I mRNA. To this end, we first determined the effect of 
the protein synthesis inhibitor, CHX. on LPS-induced accumu- 
lauon of SOCS-1 mRNA. As shown in Figure 3, CHX alone did 
not induce the accumulation of SOCS-1 mRNA (lane 2). When 
BMCDM were co-incubated in the presence of LPS plus CHX 
for either | h (Figure 3, lane 5) or 2 h (lane 6). accumulation of 
SOCS-1 mRNA was completely abolished, in comparison with 
that induced by LPS alone (lanes 3 and 4). 

To verify LPS-induced secretion into the culture medium of an 
autocrine/paracrine factor responsible for SOCS-1 induction, we 
also performed a culture supernatant-transfer experiment. Pri- 
mary cultures of BMCDM were incubated for 2 h in the presence 
of 100 ng/ml of LPS. after which the culture supernatants were 
removed, centrifuged, and applied to fresh, secondary BMCDM 
cultures. RNA was extracted from these secondarv cultures after 
| or 2 h of exposure and examined by Northern-blot analysis. As 
can be seen in Figure 3, expression of SOCS-1 mRNA could Бе 
detected after 1 h of exposure to the transferred culture super- 
natant (lane 7). By comparison, LPS-induced accumulation of 
SOCS-1 mRNA in primary cultures was undetectable after 1 h 
of treatment (Figure 3, lane 3). Taken together, the CHX and 
supernatant-transfer experiments demonstrated that LPS in- 
duced the synthesis in primary BMCDM cultures of a protein 
mediator that, when applied to secondary BMCDM cultures, 
induced a faster rate of accumulation of SOCS-1 than LPS alone. 


Induction of SOCS-1 by LPS requires, at least in part, the 
autocrine/paracrine activity of ІЕМ№- 


Previous reports from our group demonstrated that LPS induces 
in mouse macrophages the production of IFN-7. which acts as a 
co-inducer, along with LPS, of the production of NO [29.30], and 
as an activator of the transcription factor, STAT Ix [24]. To test 
the possibility that the autocrine/paracrine factor responsible for 
SOCS-1 induction consisted of IFN-/, we assessed the ability 
of LPS to induce SOCS-1 mRNA accumulation in the presence of 
anti-IFN-2/5 serum or control antiserum. The dilution of anti- 
IF N-2/f/ serum used was determined in preliminary experiments 
to be that which neutralized 95%, of the nitrite induced by 
treatment of mouse peritoneal macrophages with LPS. We have 
previously shown that LPS-induced production of nitrite in 
mouse peritoneal macrophages was completely dependent upon 
the autocrine/paracrine production of IFN-/ [24.29]. As shown 
in Figure 4, the LPS-induced accumulation of SOCS-1 mRNA 
was suppressed by the presence of anti-IFN-z// serum (lane 
6) when compared with the accumulation observed after treat- 
ment with LPS alone (lane 4) or with that observed after 
treatment with LPS in the presence of a similar dilution of rabbit 
pre-immune serum (lane 5). In comparison with cultures treated 
with LPS alone, treatment in the presence of pre-immune serum 
resulted in a 20°, reduction in SOCS-1 mRNA induction by 
LPS (averaged from two independent experiments). Using this 
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Figure 4 Effect of neutralizing anti-IFN-x// antibodies on LPS-induced 
SOCS-1 mRNA accumulation 


BMCDM were cultured for 3 h in medium alone (lane 1), or in medium containing either control 
serum (used at a 1:330 dilution, lane 2), anti-IFN-a/ serum (used at a 1:330 dilution, lane 
3), LPS at 100 ng/ml (lane 4), LPS plus contro! serum (lane 5), or LPS plus anti-IFN-a/ f 
serum (lane 6). A 10 ug aliquot of total RNA, prepared from each culture, was analysed by 
Northern blotting as described in the legend to Figure 2. 
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Figure 5 Analysis of SOCS-1 mRNA induction by IFN-f 


(А) Total RNA was isolated from BMCDM treated for 0-24 h in medium containing 1000 
units/ml of IFN-/7. Equal amounts of total RNA (10 ug) were analysed as described in the 
legend to Figure 2. (В) BMCDM were cultured in medium alone (lane 1) or in medium 
containing IFN-/ at concentrations of either 10 units/mi (lane 2), 100 units/m! (lane 3), 1000 
units/m! (lane 4), or 10000 units/mi (fane 5). Total RNA was isolated from BMCDM after 1 h 
of stimulation and 10 seg aliquots were analysed by Northern blotting as described in the legend 
to Figure 2. (C) BMCDM were preincubated for 30 min in either medium alone (lanes 1 and 
2) or in medium containing 3 «g/ml of CHX (lanes 3 and 4). Culture medium was then replaced 
with medium alone (lane 1), or with medium containing either 1000 units/ml of IFN-/ alone 
(lane 2), IFN- plus СНХ (апе 3), or CHX alone (lane 4). Cultures were subsequently incubated 
for one additional hour. А 10 zg aliquot of total RNA, prepared from each culture, was subjected 
to Northern-blot analysis as described in the legend to Figure 2. 


latter level of SOCS-1 induction as a control, the anti-IFN-a// 
antibodies reduced LPS-induced expression in these two experi- 
ments by an average of 4694. Thus suppression of SOCS-1 
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mRNA accumulation was not complete in the presence of anti- 
IFN-a/p serum. 


IFN-// induces SOCS-1 mRNA accumulation with faster kinetics 
than LPS, and in a manner independent of new protein synthesis 


To provide further evidence that IFN-// induces the accumulation 
of SOCS-1 mRNA in BMCDM, we performed time-course and 
dose-dependency experiments. BMCDM were treated with 1000 
units/ml of IFN-/ for the times indicated in Figure 5(A), followed 
by preparation of RNA for Northern-blot analysis. As demon- 
strated in the Figure, accumulation of SOCS-1 mRNA was 
detectable after as little as 0.5 h of exposure to 1000 units/ml of 
IFN-/ (Figure 5, lane 2). Accumulation reached a maximum at 
approx. Ih of stimulation (Figure 5, lane 3), after which it 
gradually declined until it was undetectable at 24 h of stimulation 
(lane 9). As expected, the time course of induction of SOCS-1 
mRNA by IFN-/ was shifted to early time points, when 
compared with the time course of induction by LPS. 

As shown in Figure 5(В), the accumulation of SOCS-] mRNA 
could be detected after BMCDM were treated with as little as 
100 units/ml of IFN-/. Maximal accumulation was detected 
using 10000 units/ml of IFN-f. This observation is consistent 
with the results of other experiments performed by us, which 
demonstrated maximal production of nitrite by BMCDM, using 
LPS plus 10000 units/ml of IFN-f (results not shown). 

To verify that accumulation of SOCS-1 mRNA was a direct 
effect of IFN-f stimulation, we performed cellular treatments in 
the presence and absence of CHX, as described above for LPS. 
As shown in Figure 5(C), when BMCDM were incubated with 
both IFN-8 and CHX, the level of induced SOCS-1 mRNA 
accumulation was equivalent to that observed using IF N-/ alone 
(compare lane 3 with lane 2). Again, CHX alone had no effect on 
the expression of SOCS-1 mRNA (Figure 5, lane 4). Thus IFN- 
p effects the direct induction of SOCS-1 mRNA accumulation 
without a need for prior protein synthesis. 


DISCUSSION 


Numerous reports confirm the non-specific nature of LPS- 
induced tolerance. While prior exposure to LPS induces sup- 
pressed responsiveness to subsequent challenge with LPS, 
suppressed responsiveness can also be observed when the second 
challenge consists of either IFN-y [12,16,31], IL-1% [8]. toxic 
shock syndrome toxin-1 [8]. tumour necrosis factor-a [31]. PMA 
[31,32], zymosan [33]. or gram positive bacterial components 
[33]. The results presented here are important because they 
demonstrate, at the molecular level, that prior exposure of mouse 
macrophages to LPS can effect the induction of the SOCS-1 
protein, which in turn inhibits signalling via the IFN-y pathway. 

Our results also underscore the observation that many of the 
cellular and organismal effects of LPS are not directly due to 
the influence of LPS itself. Rather, secondary-response modifiers, 
induced by LPS, are often the true mediators of LPS action. 
For example, antibody-directed neutralization of IL-1/ [4] and 
tumour necrosis factor-« [3] can mitigate some of the effects of 
LPS in human beings. In the case presented here, LPS induces 
the synthesis of IFN-a/f, which works in autocrine/paracrine 
fashion to induce the accumulation of SOCS-1 mRNA. 

It is noteworthy that antisera to IFN-x// do not completely 
abolish the induction of SOCS-1 mRNA accumulation, even 
though this concentration of antibody nearly completely inhibits 
nitrite production and autocrine/paracrine IFN-f-induced sig- 
nalling in mouse peritoneal macrophages. This would indicate 
that other autocrine/paracrine factors induced by LPS may also 
play a role in the induction of SOCS-1 mRNA synthesis. Indeed, 


- 


АУ 


induction of suppressor of cytokine signalling-1 by lipopolysaccharide 


LPS is known to induce in mouse macrophages a number of 
cytokines that have a demonstrable effect on the induction 
of SOCS-1, including: IL-6, IL-10, IL-12, and colony-stimulating 
factors [26]. Thus induction of SOCS-1 mRNA accumulation by 
LPS is likely to be due to the combined effects of multiple 
autocrine/paracrine factors. 

The question of the importance of LPS-induced, secondary- 
response modifiers to the induction of tolerance 1s an important 
one. Evidence would suggest that the production of tolerance is, 
in fact, an autocrine/paracrine effect [34,35] that may partly 
involve IL-10 and transforming growth factor-# [35]. Further- 
more, it has been shown that pretreatment of human macro- 
phages with both LPS and IFN-y prevents the acquisition of the 
tolerant state that is induced by LPS alone. Pretreatment with 
LPS and IFN-f, on the other hand, promotes acquired tolerance 
[11]. From other studies it ıs clear that IFN-f by itself also 
induces a state of suppressed macrophage responsiveness to 
subsequent stimulation with LPS and IFN-y, whereas pre- 
treatment with IFN-y does not [22]. Thus IFN-Z may also play 
an important role in the production of LPS-induced tolerance. 

In addition to the induction of SOCS-1 reported here, 1t has 
recently been shown that LPS can induce the synthesis of SOCS- 
3 in mouse macrophages [36], as well as in human and rat 
macrophages [37]. LPS-induced synthesis of SOCS-3 mRNA in 
mouse macrophages, unlike that of SOCS-1, does not require de 
novo protein synthesis [36]. Overexpression in mouse macro- 
phages of either SOCS-1 [38] or SOCS-3 [36] results in a sup- 
pression of IFN-y-induced signalling. Furthermore, studies of 
SOCS-I-deficient mice [39] have demonstrated an essential role 
for this suppressor protein in protection against the pathologic 
effects of unrestrained IFN-y action. Thus LPS induces the 
synthesis of two key regulators of IFN-y action by distinct 
mechanisms. 

The control of host responsiveness to LPS is of paramount 
importance in order to protect against unrestrained inflammatory 
processes that may result in tissue destruction, organ dysfunction, 
and, in severe cases, death [1,40]. That prior exposure to low 
doses of LPS itself partially protects the host from subsequent 
challenge with greater quantities of LPS is of significant value if 
the molecular mechanisms that govern this protection can be 
uncovered and exploited In this regard, it is 1mportant to 
distinguish between the direct effects of LPS and those effects 
that are caused by secondary agents, the synthesis of which are 
induced by LPS. 
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Characterization of the actin filament capping state in human erythrocyte 


ghost and cytoskeletal preparations 
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The narrow Gaussian-length-distribution of actin filaments form- 
ing the cytoskeleton of the human erythrocyte indicates the 
existence of strict mechanisms for length determination and 
maintenance. À similar regulation is achieved 1n striated muscle 
by the capping of both the ends of the thin filaments, which 
consequently prevents monomer exchange. However, the ability 
of erythroid cytoskeletal preparations to nucleate actin poly- 
merization has led to the proliferation of the idea that at least the 
barbed ends of the actin filaments are uncapped. The mechanism 
by which the length of the filaments is thus maintained has been 
left open to debate. In an effort to resolve any doubt regarding 
length-maintenance in human erythrocytes we have characterized 
the capping state of the actin filaments in a number of different 
ghost and cytoskeletal preparations. Under conditions of 


sufficiently high bivalent-cation concentration the actin filaments 
retain. functional caps at both the barbed and pointed ends. 
Hence filament capping at both ends prevents redistribution of 
the actin monomer in a similar manner to that proposed for the 
thin filaments of striated muscle. Actin filament uncapping is 
apparently caused by the centrifugal sheanng stress imposed 
during ghost preparation. The uncapping is more pronounced 
when the bivalent-cation concentration is reduced or when the 
membrane is removed by detergents. The effects of bivalent 
cations seem to be mediated through the erythroid protein 
spectrin, consistent with the hypothesis of Wallis et al. [Wallis, 
Babitch and Wenegieme (1993) Biochemistry 32, 5045—5050] that 
the ability of spectrin to resist shearing stress is dependent on the 
degree of bound bivalent cations. 





INTRODUCTION 


The human erythrocyte actin cytoskeleton consists of short actin 
filaments of well-defined length [1], cross-linked into a quasi- 
hexagonal lattice by long flexible spectrin molecules [1,2]. The 
ease of preparation of erythrocyte ghosts and the high number of 
filament ends, compared with total actin, provides a relatively 
simple system with which to investigate actin-filament length 
regulation and maintenance. The long-term maintenance of a 
narrow gaussian filament-length distribution strongly suggests 
the curtailment of the dynamic nature of actin by the capping of 
both the barbed and the pointed ends (for a fuller discussion see 
Fowler [3]. 

The actin filaments in human erythrocytes are known to be 
capped at the pointed ends by tropomodulin [4,5], a protein also 
found at the pointed ends of the thin filaments 1n striated muscle, 
where it has been shown to be the functional capping protein and 
to regulate actin filament length [6]. The situation at the barbed 
ends of the actin filaments is less clear as two barbed-end capping 
proteins have been identified. The first was a non-muscle hom- 
ologue of CapZ [7] that exhibited a 1 nM capping affinity in vitro 
and was down-regulated by phosphatylinositol 4,5-bisphosphate 
(PIP,) in a similar manner to CapZ. However, under various lysis 
conditions the erythrocyte non-muscle isoform of CapZ (eCapZ) 
was never localized to the actin cytoskeleton. The cytosolic 
eCapZ exhibited capping activity, implying the presence of 
another barbed-end capping protein [7]. Subsequent investigation 
demonstrated barbed-end capping activity in the previously 
studied cytoskeletal protein adducin [8]. Adducin, first identified 


. as a calmodulin binding protein [9] and later shown to be 


involved in the recruitment of spectrin to the short actin filaments 


[10,11], is stoichiometrically localized to erythrocyte actin fila- 
ments. The association of adducin with the erythrocyte actin 
cytoskeleton, and the concurrent loss of adducin with the avail- 
ability of binding sites for eCapZ, suggested an involvement of 
adducin in actin filament barbed-end capping [7]. 

Recently DiNubile has speculated on the existence of a third 
barbed-end capping protein [12], due to the apparent premature 
cessation in pyrene-actin polymerization in the presence of 
erythrocyte ghosts. The increasing number of capping proteins in 
the erythrocyte raises the question of redundancy. Are these 
proteins superfluous to the cells requirements or does the 
increasing number indicate a more dynamic actin filament 
network than currently thought? 

The present study investigates the actin filament capping state 
of erythrocyte ghosts and actin cytoskeletons prepared under 
various buffer conditions. The maintenance of a sufficiently high 
bivalent-cation concentration during hypotonic lysis and ghost 
preparation leads to little uncapping of either end of the actin 
filaments. Actin filament uncapping can be induced by either a 
reduction in the bivalent-cation concentration or by extraction of 
the membrane with detergent. The mechanistic target of the 
bivalent cation 1s still unknown, although preliminary data 
suggest a role for spectrin 1n the uncapping event. 


EXPERIMENTAL 
Antibodies 


Rabbit anti-human spectrin [S1515] and anti-actin. [А2066] 
polyclonal antibodies were purchased from Sigma-Aldrich 
(Poole, Dorset, U.K ). 


Abbreviations AEBSF, 4-(2-aminoethyl)benzenesulphony! fluoride, eCapZ, non-muscle isoform of CapZ found in erythrocytes; 5T8 ghosts, 
erythrocyte membranes prepared by lysis in 5 mM Tris/HCl (pH 8.0) buffer containing protease inhibitors; Mg?* ghosts, erythrocyte membranes 
prepared by lysis in 5 mM Tris/HCl (pH 80) buffer containing protease inhibitors and 3 mM Mg**, TBS, Tris-buffered saline, PIP,, phosphatylinositol 


4,5-bisphosphate, PKC, protein kinase C 
! e-mail pak2@le ac uk 
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Proteins 


Erythrocyte capping protein and adducin were purified essentially 
as described by Kuhlman and Fowler [7] and Hughes and 
Bennett [13], respectively. DNase I was obtained from Sigma 
(catalogue reference DN-EP), resuspended in storage buffer 
[50% (v/v) glycerol, 1 mM CaCl, 0.5 mM 4-Q-aminoethyl)- 
benzenesulphonyl fluoride (AEBSF), 5 ug/ml pepstatin A, 
5 ug/ml leupeptin and 2% (v/v) ethanol] and kept at —20 °C 
as described by Podolski and Steck [14]. Actin was purified from 
a rabbit skeletal-muscle acetone powder, as described by Pardee 
and Spudich [15], with an additional purification step using a 
100 cm x 1.6 cm Superose 6 (Pharmacia) gel-filtration column. 
Fractions were tested for the ability to produce high viscosity on 
polymerization (indicating lack of intrinsic nuclei) by using the 
falling-ball method [16,17]. Actin was pyrene-labelled with N-(1- 
pyrene)iodoacetamide (P-29; Molecular Probes Europe BV, 
Leiden, The Netherlands) using the method of Kouyama and 
Mihashi [18] with the modifications of Weber et al. [19]. 
Unincorporated label was removed by gel-filtration using a 
30 cm x 0.5 cm Superdex 200 gel-filtration column and FPLC 
(Pharmacia). Actin/spectrin seeds, derived from the low ionic- 
strength extract of erythrocyte membranes, were prepared as 
described previously [20]. Protein concentrations were deter- 
mined from the absorption coefficients: 26600 M^'-cm^* at 
290 nm for actin; 22000 M^! - cm"! at 344 nm for pyrene, using 
a correction factor of [A,,,—(0.127 x A,,,)]/26600 for the 
actin concentration; 85000 M-cm™ at 280nm [21] and 
100500 M~?-cm™ at 279 nm for human erythrocyte capping 
protem and human erythrocyte adducin respectively. 


Pyrene-actin polymerization assay 


Actin polymerization was monitored by observing the increase in 
pyrene fluorescence on polymerization using an SLM 48000 
fluorimeter. Pyrene fluorescence was excited at 365 nm using a 
slit width of 0.5 nm. Fluorescence was detected at 407 nm using 
a slit width of 8 nm. To limit photobleaching the highly focused 
excitation beam was defocused with a convex lens (focal length 
of 100 mm), prior to the sample cuvette (5 mm square). All actin 
polymerization experiments were maintained at 25°C by a 
circulating-water bath. Under low-salt conditions (2 mM KCI/ 
0.8 mM MgCl) polymerization was primarily from the barbed 
filament end Other experiments were performed at higher salt 
concentrations (0.1 M KCl/2mM Mg") to detect polymeri- 
zation from both the barbed and pointed filament ends. The 
polymerization was initiated by the addition of pyrene labelled 
G-actin (5% labelled; final concentration 5 4M) that had been 
primed with Mg?* as described previously [8]. The use of DNase 
I to inhibit actin filament polymerization at the pointed end [14] 
required a 10 min incubation at 25 °C prior to initiation of actin 
polymerization. 


Erythrocyte Isolation and ghost preparation 


Small amounts of human erythrocytes were prepared from 10 ml 
of freshly drawn blood by sedimentation, at unit gravity, through 
4vol. of 0.75% (w/v) dextran T-500 (Pharmacia) at room 
temperature in Tris-buffered saline [TBS; 10 mM Tris/HCl (pH 
7.5)/150 mM NaCl]. The cells were then washed three times 1n 
10 vol of TBS supplemented with 10 mM glucose, before being 
resuspended to a 20% (v/v) suspension, with respect to the 
packed-cell volume. The cells were stored on ice until required, 
and the erythrocyte concentration was determined by counting 
cells with the aid of a haemocytometer. 
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Erythrocyte ghosts were prepared by hypotonic lysis with an 
excess (30-fold) of either ST8 buffer [5 mM Tris/HCl! (pH 
8.0)/5 mM f-mercaptoethanol/1 mM NaN,/0.5 mM AEBSF; 
ST8 ghosts] ог the same buffer supplemented with various 
concentrations of MgCl, (Mg?* ghosts). Following 10 min on ice, 
to facilitate lysis, the ghosts were collected by centrifugation at 
11951 g in a Sorvall SS34 rotor at 4°C for 10 min. The ghosts 
were washed a further three times with the same buffer, before 
being resuspended to a defined volume, hence defining the 
number of erythrocyte equivalents per ml. Ghosts prepared in 
the absence of Mg** were white, whereas the Mg** ghosts retained 
8 pink hue, indicative of a small amount of retained haemoglobin. 


Removal of Mg** from Mg** ghosts 


Freshly prepared Mg** ghosts were either washed by repeated 
resuspension in 5T8 buffer and centrifugation at 11951 g at 4 °C 
for 10 min in a Sorvall SS34 rotor, or by dialysis against an 
excess of 5T8 buffer. Samples of ghosts were extracted after each 
wash or after 1h of dialysis and tested for actin nucleation 
activity in the pyrene-actin polymerization assay. Samples taken 
during the dialysis experiment were also treated with Triton X- 
100 (0.1% final concentration) and centrifuged at 48700 g for 
10min at 4°C in a TLA 100 rotor to remove the actin 
cytoskeletons. A fraction of the supernatant was solubilized in 
SDS sample buffer and separated by SDS/PAGE [7.5-15 9$ 
(w/v) polyacrylamide] [22]. Following blotting on to nitro- 
cellulose, the spectrin region was probed with an antibody to 
erythrocyte spectrin and detected using *S-labelled donkey 
anti-rabbit IgG serum (Amersham Pharmacia Biotech, Uppsala, 
Sweden). Each lane was quantified by excision of the region of 
nitrocellulose, solubilization in 5 ml of scintillation fluid (Opti- 
phase ‘high safe’ 2; Fisher Scientific Ltd., Loughborough, U.K.) 
and scintillation counted. 


Preparation of detergent-solubilized actin cytoskeletons 


Human erythrocytes were mixed with an equal volume of 0.6% 
detergent (either Triton X-100 or saponin) in TBS supplemented 
with 0.5 mM AEBSF, 5 ug/ml pepstatin A and 5 g/ml 
leupeptin. The cells were gently pipetted to aid lysis and then 
centrifuged, at 11600 е for 5 min in a microfuge, through 2 vol. 
of a 20% sucrose solution [TBS, 20% (w/v) sucrose, 3 mM 
MgCl, 0.5mM AEBSF, 5 ug/ml pepstatin A and 5 ug/ml 
leupeptin]. All but 100 ul of the supernatant was carefully 
removed to prevent loss of cytoskeletons and then the pellet was 
resuspended to a final volume of 200 ul by the addition of 100 4l 
of sunilar buffer without sucrose (TBS, 3 mM MgCL,, 0.5 mM 
AEBSF, 5 ug/ml pepstatin A and 5 ug/ml leupeptin). Hence the 
final sucrose concentration was 10% (w/v). 


RESULTS 


The actin nucleating activity was measured 1n a number of ghost 
and cytoskeletal preparations. Under low-salt conditions (2 mM 
КСІ/0.8 mM MgCl,) nucleating activity could be demonstrated 
with actin/spectrin seeds, ST8 ghosts, saponin and Triton X-100 
skeletons. In each case the nucleating activity could be inhibited 
with a saturating amount of eCapZ (30 nM), a reagent specific 
for the actin filament barbed-end (Figure 1A). Mg** ghosts were 
effectively devoid of nucleating activity. Under higher salt 
conditions (0.1 M KC1/2 mM MgCl) the Mg*?* ghosts were 
weak nucleators (Figure 1B), but this activity was abolished by 
eCapZ (15 nM), indicating the presence of a very small number 
of uncapped barbed ends. The nucleating activity of actin/ 
spectrin seeds and 5T8 ghosts was identical, in so far that a 
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Figure 1 Actin filament capping state characterization in ghost and 
cytoskeletal preparations 


(А) Raw data (non-standardized) depicting the polymerization of pyrene-labelled actin under low- 
sait conditions (2 mM KCI/0.8 mM MgCl.) nucleated by a variety of erythrocyte preparations. 
(B) Raw data inon-standardized? of identical experiments polymerized under high-salt conditions 
(0.1 М КС mM MgCl). The nucleating activity of the erythrocyte preparations was 
modulated with erythrocyte capping protein (CP), DNAse 1 (D), both (CP/D) or neither ( — ). 
Concentrations of capping proteins for the different experiments were as follows: CP = 30 nM 
for the low-sall experiment and 15 nM for the high-salt experiment (reduction in the 
concentration under high-salt conditions was essential to prevent expression of its nucleating 
activity; D = 800 nM, except in the case of 578 ghosts under high-salt conditions when 
2.5 uM was used in order to rule out sequestration as the mechanism of action, RBCs, red 
blood celis. 


proportion of the nucleating activity could be abolished by 
eCapZ. The remainder of the activity due to polymerization from 
the pointed end of the filaments could be abolished by treatment 
with DNase I. Saponin skeletons were similar to actin/spectrin 
seeds and 5T8 ghosts, except that the proportion of nucleating 
activity due to pointed ends was smaller. The ability of eCapZ to 
inhibit the nucleating activity of Triton X-100 skeletons com- 
pletely indicates that only the barbed ends are uncapped. To 
ensure complete pointed-end capping, and to demonstrate that 
the effects of DNase I were not through the sequestration of actin 
. monomers, 2.5 4M DNase I was used in the high-salt experiments 
of the STS ghosts (Figure IB, second panel down). Note that 
2.5 uM DNase I alone was unable to inhibit actin polymerization 
which reached an equilibrium fluorescence that was half that of 
the STS ghosts alone, consistent with the sequestration of approx. 
half of the 5 «М G-actin present in the assay. 
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Figure 2 Effect of magnesium concentration on ghost actin filament 
capping state 


(A) Equivalent samples of human erythrocyte ghosts prepared under a range of Mo?" ion 
concentrations, separated by SDS/PAGE and stained with Coomassie Brilliant Blue R250. 
The positions of molecular mass standards and three proteins whose association with the 
erythrocyte ghosts was dependent on МО?” ion concentration are indicated. (B) 
The corresponding ghosts were also tested for their ability to nucleate actin polymerization 
in the pyrene-actin elongation assay (raw data). (C) By assuming the ghosts in the absence 
of Mg^' were 100% uncapped. then the extent of capping in the other samples could he 
estimated fram the initial polymerization rates. 


© 2000 Biochemical Saciety 


& 
Ex 
Ed 
E| 
| 





DA 


ve 
ae 


esi 











108 P. А Kuhlman 

A A 

8 3 
$3 5 

Б BE 
2 8 t 
E HS 
HE 

0 200 400 600 800 1000 
Time (seconds) 
B B 


ST8 ghosts + 500nM adducin 
+ 50uM calmodulin 


5T8 ghosts + 500 nM 
adducin 


Pyrene fluorescence 
(arbitrary units) 





100 150 200 
Tume (seconds) 


e 


Pyrene fluorescence 
(arbitrary units) 





200 
Time (seconds) 


0 30 100 150 


Figure 3 Comparison of actin filament barbed-end capping between 578 
and Mg** ghosts 


(A) Pyrens-actin polymerisation assay demonstrating the ability of 40 nM erythrocyte capping 
protein to block the polymerization from the barbed ends of 578 ghosts. This capping activity 
сал be inhibited by 20 æM PIP, Асіп alone has no intrinsic polymerizahon under these 
conditions (B) The same assay demonstrating the ability of 500 nM adducin to prevent 
polymerization from the barbed ends of the actin fllaments in 518 ghosts іп thus case the 
inhibition can be relleved using 50 uM calmodulin (C) A similar concentration of calmodulin 
has little effect on the nucleating аймќу of Mg^* ghosts 


Preparation of human erythrocyte ghosts in a weak Tris buffer 
supplemented with increasing concentrations of MgCl, resulted 
in ghosts with increased actin filament capping (Figure 2). 
Samples of the resulting ghosts separated by SDS/PAGE 
(7.515% polyacrylamide) and stained with Coomassie Brilliant 
Blue indicated at least three proteins whose association with the 
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Figure 4 Effect of 5T8 and Mg^* ghosts on the pyrene-actin polymert- 
zation assay 


(A) 518 ghosts (0.65 x 10° or 13 x 10° cell equivalents) were added to the actin/spectnn 
seeded assay Addition of polymerization salts initiated the actin polymenzation. (В) Mg^* 
ghosis (13 x 107, 26 x 10^ and 39 x 107 call equivalents) also added to actn/spectrin 
nucieated actin polymenzabon assay (б) Addition of the Mg^* ghosts (39 x10 cell 
equivalents) at the end (800 s) of the polymerization assay as compared with inclusion at the 
start (0 s) 


ghost was apparently affected by the Mg** ion concentration 
(Figure 2A). Haemoglobin was one such protein, although its 
association with the actin cytoskeleton has no effect on the 
capping state of the actin filament barbed-end [7]. The increasing 
Mg** concentration also reduced the extent to which the ghosts 
were able to act as nuclei in à pyrene-actin polymerization assay 
(Figures 2B and 2C). A repeat experiment utilizing CaCl, in 
place of MgCl, yielded identical results (results not shown), 
indicating that the effect was not specific to Mg** ions. 

The actin filament barbed ends in the 5T8 ghosts were 
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Figure 5 Conversion of Mg?“ ghosts into 5T8 ghosts 


Samples. taken during a 6 h dialysis of Mg^' ghosts with 518 buffer, extracted with 0.1% 
Triton X-100 and centrifuged ta remove the actin cytoskeletons (see the Experimenta! section) 
were separated by SDS/PAGE and either stained with Coomassie Brilliant Blue or Western- 
blotted (WB) for spectrin and actin. The position of the alpha and beta subunits of spectrin, 
actin and severa! molecular mass markers are indicated. The percentage of spectrin and actin 
released has been determined against the total amounts in the sample, and the extent of barbed- 
end uncapping has been determined by assuming the 6 h dialysis point gave 100% uncapping. 


effectively identical to those in actin/spectrin seeds with respect 
to the ability of both eCapZ and adducin to totally inhibit actin 
polymerization (Figures ЗА and 3B). This inhibition could be 
down-regulated by PIP, and calmodulin respectively (Figures 3A 
and 3B). Treatment of Mg** ghosts with calmodulin under the 
same conditions did not vield any significant nucleating activity 
(Figure 3€). 

In an effort to confirm the observations of DiNubile [12]. both 
ST8 (Figure 4A) and Mg” (Figure 4B) ghosts were added to an 
actin/spectrin nucleated pyrene-actin polymerization assay (Fig- 
ure 4). In the case of the 578 ghosts. addition of 0.65 x 10* and 
1.3 x 10° erythrocyte equivalents resulted in an increased rate of 
actin polymerization, consistent with the additional nuclei present 
(Figure 4A). The end-point of the polymerization was essentially 
the same, but for small effects caused by light-scattering by the 
ghosts, thus indicating that there was no untoward capping 
activity from ST8 ghosts. The addition of Mg” ghosts did not 
lead to an increase in the rate of actin polymerization due to the 
actin filaments being capped (Figure 4B). The fluorescence at 
the end of the polymerization was reduced proportionally to the 
amount of ghosts added (Figure 4B). The fluorescence signal 
at the end of the polymerization assay was similar regardless of 
the time at which the Mg** ghosts were added (Figure 4C). The 
instantaneous drop in fluorescence signal on addition. of 
the ghosts was consistent with an inner-filter effect caused by 


the haemoglobin in the Ме?” ghost sample. Measurement of the 
extent of actin polymerization at the end of each reaction 
indicated no dramatic increase in the amount of G-actin (results 
not shown), a result not consistent with the idea of premature 
polymerization termination due to capping. 

The removal of Mg" ions from Mg? ghosts by extended 
dialysis (Figure 5) against ST8 buffer resulted in the uncapping of 
the actin filament barbed ends. Samples were taken during the 
dialysis, treated with 0.1 ^, Triton X-100 and centrifuged 
(48 700 g for 10 min at 4 °C) to remove the actin cytoskeletons. 
The amount of spectrin and actin in the supernatants was 
determined empirically, by Coomassie Brilliant Blue staining, or 
quantitatively, by Western blotting with antibodies specific for 
spectrin and actin. These proteins were apparent in the super- 
natants after 2-3 h of dialysis. increasing thereafter until the end 
of the assay at 6 h. At the end of the assay approx. half of the 
actin and spectrin was not associated in macromolecular com- 
plexes, indicating the slow disintegration of the cytoskeleton. 


DISCUSSION 


Using the nucleated pyrene-actin polymerization assay, the un- 
capping of both actin filament ends in erythrocyte ghosts and 
cytoskeletons prepared in the absence of bivalent cations (Figure 
1) has been confirmed. This observation is consistent with several 
other studies [12,14,23-29]. However, the presence of bivalent 
cations during ghost preparation results in actin filaments capped 
at both ends (Figure 2), an observation consistent. with the 
simplest mechanism for maintaining a narrow Gaussian-length- 
distribution, as is thought to be the case for the thin filaments of 
striated muscle. 

The mode of actin filament uncapping is not clear. Generally, 
uncapping is dependent on the degree of physical stress the cells 
are subjected to; this effect is amplified by treatment with 
detergent or by reduction in bivalent-cation. concentration. 
During ghost isolation excessive centrifugal force results in ghost 
fragmentation. This was particularly true of the 5T8 ghosts 
which seemed to be substantially more fragile than the Ме? or 
Са?” ghosts (results not shown). Similar effects were observed by 
Das and Mukherjee [31]. although they ascribed the observation 
to the presence of a heterogeneous population of erythrocyte 
ghosts. Our initial ST8 ghost preparations when centrifuged (at 
38724 g) exhibited a lower packed main pellet with a diffuse 
pellet on top. This effect was circumvented by reducing the 
centrifugal force, resulting in a homogeneous pellet with. no 
residue in the supernatant. It 15 likely that the two membrane 
populations observed by Das and Mukherjee [31] were derived 
from centrifugal damage during ervthrocyte ghost preparation, 
especially due to their use of lysis and wash buffers devoid of 
bivalent cations. 

The ST8 ghosts act identically to actin/spectrin seeds with 
respect to the ability of both eCapZ and adducin to cap the 
barbed ends of the actin filaments and be released by PIP, and 
calmodulin/Ca*' respectively (Figures ЗА and 3B). In contrast. 
the actin filaments in Ме?” ghosts are capped at the barbed ends. 
presumably by adducin [7], and at the pointed ends by tropo- 
modulin[6]. However, treatment of Мо?“ ghosts with 50 «М 
calmodulin resulted in only a marginal increase in the nucleating 
activity of the ghosts (Figure 3C). Under identical conditions, 
50 «M calmodulin was able to inhibit the capping activity of 
purified adducin on ST8 ghosts (Figure 3B). There are two 
possible explanations for these observations. (1) The adducin in 
the Mg^' ghosts is modified compared with purified adducin, 
possibly by phosphorylation. It is known that PKC phosphory- 
lation of adducin on Ser'?* prevents the binding of calmodulin 
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[32]. (2) Alternatively, the barbed-end capping is facilitated by an 
as yet undiscovered capping protein. A third barbed-end capping 
protein has been proposed by DiNubile [12], due to the apparent 
premature cessation of actin polymerization in the presence of 
ghosts. Addition of 5T8 (white) ghosts to actin/spectrin-seeded 
actin polymerization produces a higher initial polymerization 
rate, consistent with the increase in the number of nuclei (Figure 
4A). The fluorescence end-point, however, is effectively identical 
to that in the absence of ghosts, apart from a small effect due to 
light-scattering by the ghosts. The addition of Mg** (pink) ghosts 
produces no real increase in the initial polymerization rate due to 
the ghosts being capped (Figure 4B). There is a significant 
reduction in the fluorescence at the end of the time course, which 
is dependent on the amount of ghosts added. We have ruled out 
the action of a capping protein for three reasons. (1) Haemoglobin 
in the ghosts absorbs the emitted fluorescent (407 nm) light 
strongly. (2) Quantification of the amount of unpolymerized 
actin (actin critical concentration) indicated no significant change 
in the presence of ghosts (results not shown). (3) Addition of the 
Mg?** ghosts at the end of the time course led to the same final 
fluorescence; this instantaneous effect is unlikely to be consistent 
with capping protein kinetics, but simply an inner-filter effect 
[33]. This being the case, adducin is still the best candidate for the 
active barbed-end capping protein in erythrocytes. 

Treatment of Mg** ghosts with bivalent cation-free buffer 
(ST8 buffer), either by repeated washing (results not shown) or by 
extended dialysis (Figure 5), renders them good nuclei in the actin 
polymerization assay. Efforts at reversing this uncapping event 
by restoring the Mg** ion concentration and/or concentrating 
the dialysate and readdition have been unsuccessful (results not 
shown). The loss of actin and spectrin during dialysis (Figure 5) 
indicates the disintegration of the actin cytoskeleton. However, 
this disruption of the actin cytoskeleton occurs under very little 
shearing stress, suggesting structural changes in the ghost actin 
cytoskeleton itself. One possible explanation would be pro- 
teolysis. To prevent this, protease inhibitors were maintained in 
all buffers at all times and adducin (a protein sensitive to 
proteolysis) was monitored for signs of degradation. Proteolytic 
damage to adducin was minimal during the assay, suggesting 
that proteolysis 18 not responsible for the uncapping event. 

This study has confirmed the capping of both ends of the actin 
filaments in resting human erythrocytes and highlighted the 
functional significance of the bivalent-cation concentration for 
the structural integrity of the erythrocyte cytoskeleton. A re- 
duction in the bivalent-cation concentration leads to changes in 
the actin/spectrin network, reducing its strength, rendering it 
prone to fragmentation, especially in the absence of the plasma 
membrane. This effect is likely to be derived from the dissociation 
of spectrin from the cytoskeleton; incubation of ghosts in low- 
salt buffers devoid of bivalent cations is the method by which 
spectrin is purified [34]. This response to bivalent cations suggests 
a mechanism by which the physical properties of the erythrocyte 
can be tailored to the varying requirements during the passage 
through the circulatory system, as suggested by Wallis et al. [35]. 
During the oxygenation/deoxygenation cycle the free Mg** ion 
concentration oscillates between 0.6 mM and 1.9 mM [36]. It has 
also been demonstrated that erythrocytes put under shearing 
stress leak Ca** ions [37]. Hence, the oscillating Mg** ion 
concentration may act as a general mechanism to modulate the 
physical properties of the erythrocyte during the general passage 
through the circulatory system, supplemented by additional fine- 
tuning by fluctuations in the Ca?* concentration during direct 
application of shearing stress, such as the passage through the 
narrow sinusoids of the spleen. Experiments to test these hy- 
potheses are currently underway. 
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p40^»* participates in the activation of NADPH oxidase by increasing the 
. affinity of p47^* for flavocytochrome D... 


Andrew R. CROSS 


Department of Molecular and Experimental Medicine, MEM-241, The Scripps Research institute, 10550 North Torrey Pines Road, La Jolla, CA 92037, U S.A 


NADPH oxidase is one of the major components of the innate 
immune system and is used by phagocytes to generate micro- 
bicidal reactive oxygen species. Activation of the enzyme requires 
the participation of a minimum of five proteins, p22°***, gp917»*»* 
(together forming flavocytochrome 5,,,), p47?*^*, p67™* and the 
GTP-binding protein, Rac2. A sixth protein, p40****, has been 
implicated in the control of the activity of NADPH oxidase 
principally based on its sequence homology to, and physical 
association with, other phox components, and also the ob- 


f servation that it 1s phosphorylated during neutrophil activation. 
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INTRODUCTION 


The NADPH oxidase of phagocytic cells plays a pivotal role in 
innate immunity. When activated, the function of the enzyme is 
to generate microbicidal reactive oxygen species derived from the 
primary product of NADPH oxidase, superoxide (O, ) (reviewed 
by Nauseef [1]). The active oxidase requires the participation of 
five gene products; two of these, p22?*** and gp91»*"*, together 
form flavocytochrome b,,,, the membrane-bound core of the 
enzyme. gp917?*^* contains all the catalytic machinery necessary 
to oxidize NADPH and form O,”, the NADPH-binding site, one 
molecule of FAD and two molecules of haem ([2,3] and L. Yu, 
M. C. Dinauer and A. R. Cross, unpublished work). In order to 
convert the normally inactive oxidase into the active state, three 
other proteins are required, p47?*°*, p67»*** and the small GTP- 
binding protein Rac2. In the resting cell, these proteins are 
present in the cytosol and upon cellular activation associate with 
flavocytochrome b,,, and convert ıt into a functional state in a 
process we have recently shown to be catalytic [4,5]. Genetic 
defects in any one of the p47?^**, p67?*°*, p22»*o* or gp91?*°* 
proteins that result in the loss of their function (and failure of 
NADPH oxidase to generate O,~) cause a severe susceptibility to 
microbial infections, a syndrome known as chronic granuloma- 
tous disease (CGD) [6]. Recently, a description of a genetic defect 
in Rac2 resulting in neutrophil dysfunction and susceptibility to 
infection has been reported [7]. A further protein, р40>*, 
has been implicated in oxidase activity, but to date its role has 
remained obscure p40™°* was described independently by the 
groups of Segal and Someya, who identified and cloned a protein 
that was found to exist ın a cytosolic complex with рб7?%° and 
p47**** [8,9]. These workers showed that p40°*** had significant 
sequence homology to p47"** and p67™* and that its expression 
was reduced markedly in the cytosols of CGD patients with 


| p67?* deficiency Subsequent work showed that р40Р^°* becomes 


phosphorylated during neutrophil activation and translocates to 
the plasma membrane in a similar manner to p47™* [10-13]. 


However, to date its role in regulating the activity of the enzyme 
has remained obscure, with evidence for both positive and 
negative influences on oxidase activity having being reported. 
Data are presented here using the cell-free system for NADPH 
oxidase activation that shows that р40?^°% can function to 
promote oxidase activation by increasing the affinity of p47»*e* 
for the enzyme approx. 3-fold. 


Key words: host defence, oxygen radicals, p47°**, respiratory 
burst, superoxide. 


These findings have prompted extensive investigations into the 
molecular interactions of p47?*, p677»^** and Rac with р407^° 
[14—20]. p40™ associates with p477?*^* and p67™* and is depleted 
in neutrophils of p67*?*»*-deficient CGD patients [8,21]. Studies 
of cytoskeletal associations of phox proteins indicate that p407»*es 
and p67” associate with the cytoskeletal fraction of resting 
cells, whereas p47"** only becomes associated with the cyto- 
skeleton during activation. p40”** can dissociate from p677*** 
however, possibly associating with p47?***, both in whole cells 
and the cell-free system [11,22]. Despite these intensive studies 
into the role of p40”***, little direct evidence for a function has 
been found for this protein to date, and it 1s not required 
for NADPH oxidase activity in the classical cell-free system for 
oxidase activation. Experiments overexpressing p40?4°* in my- 
eloid cell lines by Leto and co-workers [23] led them to conclude 
that p40"*** functions to down-regulate NADPH oxidase via 
interactions of SH3 domains within the phox proteins, a finding 
that was supported by inhibition of cell-free NADPH oxidase 
activity at high (greater-than-micromolar) p40»*** concentrations 
[23]. In contrast, Tsunawaki et al. [16] found that an antibody to 
the C-terminus of р407^°* dissociated p40»*^* from the cyto- 
solic phox complex and was inhibitory in the cell-free system, 
suggesting a positive role for р40?^° in oxidase activation. Here, 
for the first time, we show that under appropriate conditions 
p40»*^* has a significant effect in enhancing the activation of 
NADPH oxidase in the cell-free system, probably by increasing 
the affinity of p47?*^* for the enzyme. 


EXPERIMENTAL 
Reagents 


All chemicals and reagents were of reagent grade and were from 
Sigma unless noted otherwise. Human neutrophils and their 
subcellular fractions were prepared and stored as described in 
[24]. Recombinant phox proteins were generated in Sf9 or Hi5 


Abbreviation used CGD, chronic granulomatous disease, Oz", superoxide 
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cells and purified to homogeneity as described previously [4]. 
Flavocytochrome b,,, was purified from unstimulated neutrophil 
membranes, and relipidated and reflavinated as described earlier 
[25]. Flavocytochrome b,,, concentrations were estimated from 
reduced-minus-oxidized difference spectra using an absorption 
coefficient of 21.6 mM~?-cm™ per mol of haem (10.8 mM! -cm^! 
per mol of protein) [26]. 


Cell-free 0, assay 


The rate of O, production was measured using the superoxide 
dismutase-inhibitable rate of cytochrome c reduction in 96-well 
plates using a SpectraMax kinetic microtitre plate reader (Mol- 
ecular Devices, Menlo Park, CA, U.S.A.) as described previously 
[5]. In brief, reaction mixtures contained 0.3 pmol of purified 
flavocytochrome б or 2 х 10° cell equivalents of neutrophil 
membranes (0.2-0.3 pmol of flavocytochrome Б), 15 pmol 
of p40*^^*, 15 pmol of p47*^**, 10 pmol of p67™°* and 4 pmol of 
Rac2 in a final volume of 150 ul of Mg**-free relaxation buffer 
containing 100 «М cytochrome с [25]. Where stated, 2.5 x 10° 
cell equivalents of neutrophil cytosol were used in place of the 
recombinant cytosolic phox proteins. This amount of cytosol 
contains approx. 2.5 pmol of p40»**, 15 pmol of p47?*^*, 
2.5 pmol of p67” and 6.5 pmol of Rac2 (A. R. Cross and P. G. 
Heyworth, unpublished work). Oxidase activation was initiated 
by the addition of 100 uM SDS, and after 5 min of incubation 
the reaction was started by the addition of 160 uM NADPH. 
Each well was paired with an otherwise identical well supple- 
mented with 300 units of superoxide dismutase. Assays were 
performed in duplicate or triplicate. Titration curves were fitted 
to a one-site binding equation (hyperbola) using GraphPad 
Prism software (GraphPad Prism, San Diego, CA, U.S.A.). 


RESULTS AND DISCUSSION 


p40" increases the activity of the cell-free system using 
recombinant p47", p67" and Rac2 when employing neutrophil 
membranes, but not purified material, as a source of 
flavocytochrome Б, 


During routine cell-free NADPH oxidase assays using recom- 
binant cytosolic proteins (р477*, р677%°® and Rac2), we have 
noted that the specific activity (turnover number) of neutrophil- 
membrane preparations 1s less than that expected when compared 
with highly purified flavocytochrome 5,,, preparations based оп 
their respective flavocytochrome 6,,, contents (A. R. Cross and 
R. W. Erickson, unpublished work). In contrast, high specific 
activities were obtained using neutrophil cytosol in place of 
recombinant p47", рб7?®° and Rac2, regardless of whether the 
source of flavocytochrome bsa was crude membranes or highly 
purified material. As part of our studies to identify the cause of 
this phenomenon, the effect of p40”* in the two systems was 
examined. Addition of p40°* to the system consisting of 
recombinant phox proteins and neutrophil membranes con- 
sistently gave a small (10—25 95) increase in activity (Table 1). In 
contrast, addition of p40" had little effect on the recombinant 
system using purified flavocytochrome b,sẹ except at high 
concentrations where it appeared to have a mild inhibitory effect 
(results not shown). Leto and co-workers have reported similar 
inhibitory effects at high (greater-than-micromolar) concent- 
rations of p40»^e* [73]. We hypothesize that this inhibitory effect 
may be due to sequesteration of one or more of the other phox 
components in a form where they cannot interact with their 
partner(s) in a normal fashion. p40?*** was not capable of 
supporting significant amounts of O," generation 1n the absence 
of p47?*°* (see below). 
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Table 1 p40" Increases the activity of NADPH In the cell-free system 
composed of neutrophil membranes and recombinant cytosolic proteins, but 
not in the system composed of neutrophil membranes and neutrophil cytosol 


NADPH oxidase activity was measured In the cell-free system as described in the Expenrnenta! 
section Where indicated, reaction motures contained 2 x 10° cell equivalents of neutrophil 
plasma membranes (Membranes), 25 x 10° cell equivalents of neutrophil cytosol (Cytosol), 
15 pmol of p40" and/or 15 pmol of p47” 10 pmol of p67 and 4 pmol of Rac? (together 
referred to as Recombinant cytosol}. The data represent one of three experiments performed in 
duplicate Values are means+SEM 


Specific activity 

(nmol of 0,~/min 

per pmol of 
Reaction mixture paga flavocytochrome А...) 
Membranes — 0.02 +003 
Cytosol — 0 001 +0 001 
Recombinant cytosol — 0 001 +-0 0005 
Membranes + 002 4-0 01 
Membranes 4- cytosol — 7 71 3: 0125 
Membranes -+ cytosol + 7.84+0175 
Membranes + recombinant cytosol — 3.91 + 0 024 
Membranes -+ recombinant cytosol + 5304-0163 
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Figure 1 p40" can only weakly activate NADPH oxidase in the absence 
of p47 


NADPH oxidase activity was measured in the cell-free system as described in the Experimental 
section The reachon mixture contained 03 pmol of flavocytochrome bse 10 pmol of p67 
and 4 pmol of Rac2 and the indicated amount of p407* The curve is the best fit to a one- 
site binding (hyperbola) equation calculated using GraphPad Pnsm The dala are representative 
of one of three expenments performed in duplicate The error bars represent SEM 


p40” cannot substitute for the other cytosolic phox components 
p67" and Rac2 


p407?*^* was incapable of supporting any O, -generating activity 
in the cell-free system using purified flavocytochrome 5,,, п the 
absence of either p67»*^* or Rac2 (results not shown), consistent 
with our previous findings [5,25]. In the absence of p47?'*75, . 
p40?*** was capable of supporting an extremely low rate of О, 
production, i.e. it could not effectively substitute for p477*e* 
(Figure 1). Half-maximal effects were seen at 3.8 pmol of 
p40™°* /well (25 nM). It is suggested that this extremely small 
effect may be due to slightly increasing the affinity of p67?** 
and/or Rac2 for flavocytochrome ,,, and mimicking the p47™°*- 
independent activity seen normally only at extremely high p67"** 


bs т 


Table 2 р47?^ is the principal limiting component in the cell-free system 
composed of neutrophil membranes and ‘recombinant cytosol’ 


NADPH oxidase activity was measured tn the cel free system as described in the Experimental 
section Each reaction mixture contained 2 х 105 cell equivalents of neutrophil plasma 
membranes Where indicated, the membranes were supplemented with 4 x 10? cell equivalents 
of neutrophil cytosol ( Spike’), 15 pmol of p477**, 10 pmol of рб72^ and 4 pmol of Rac2 
(Recombinant cytosol), 15 pmol of p47?**, 10 pmol of p67", 4 pmol of Rac2, or 15 pmol 
of p40" The data are representatrve of one of three experiments performed in duplicate 
Values are means +S EM 


Specific activity 

(nmol of 0, /min 

per pmol of 
Neutrophil membranes plus favocytochrome Жс) 
Cytosol 77740125 
‘Spike’ 0 865 4- 0 076 
Recombinant cytosol 4 01 +0.024 
‘Spike’ + recombinant cytosol 8 03 +0024 
‘Spike’ + p47" 74+0045 
' Splke' + p67 338+0.044 
Spike’ + Rac2 0 827 +0.055 
‘Spike’ + p40 191 + 0.036 





and Rac2 concentrations [4,27,28]. A maximum of 0.054 nmol of 
O, /min per pmol of flavocytochrome 5,, (compared with 
15 nmol of О, /min per pmol of flavocytochrome b,,, or 0.4%) 
was observed, with the maximum effect seen at 15 pmol/well 


(100 nM). 


047" |5 the principal ilmiting component іп the cell-free assay 
for oxidase activation when neutrophil membranes are used In 
place of purified flavocytochrome б, 


The difference in responses to the recombinant cytosolic factors 
between neutrophil membranes and purified flavocytochrome 
b,,, prompted the performance of experiments testing the effects 
of adding the recombinant proteins individually to neutrophil 


. membranes that had been supplemented with a small, sub- 


optimal amount of neutrophil cytosol that alone was only capable 
of eliciting a low rate of О, production. As can be seen in Table 
2, the greatest amount of activity was recovered by the addition 
of p47?*°* (15 pmol), suggesting that p47?*^* is the principal 
limiting component in the system when neutrophil membrane, 
rather than purified material, is used as a source of flavocyto- 
chrome 5,,,. Some activity was also recovered by the addition of 
p67?** (10 pmol), suggesting that it is partially limiting, whereas 
no further activity was obtained by the addition of Rac2 (4 pmol), 
suggesting that it is not limiting under these conditions. Sig- 
nificantly, some activity was also restored by the addition of 
p40?" (15 pmol), and it is suggested that this is due to a co- 
operative interaction between p40?*°* and p47?"'*, described 
below, that increases the effective concentration of p477?*^* present 
in the ‘spike’ of cytosol 


. p40" functions by Increasing the affinity of p47“ for 


flavocytochrome Б, 


The experiments described above suggested that the limiting 
cytosolic factor in the recombinant system employing neutrophil 
membranes was p47?***. Since p407*^* augmented activity in this 
system, we hypothesized that p407^^* could promote the activity 
of p47?*** in some manner. Therefore, a series of experiments 
was designed to determine if p407?*** could increase the effective- 
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Table 3 p40"" augments the activity of p47"* In the cell-free system of 
NADPH oxidase activation under conditions where p47" Is limiting 


NADPH oxidase activity was measured In the celHree system as described In the Experimental 
section The reaction mixture contained 03 pmol of flavocytochrome A, 10 pmol of p677** 
and 4 pmol of Rac2, and the indicated concentrations of p40 and p47™™ 


Specific activity 
(nmol of 0, /min 
per pmol of 
Flavocytochrome Ls, -- рб72%-- Rac2 plus flavocytochrome Ды) 
100 nM p47?** 1217+04 
10 nM p47™* 3.64 - 0 41 
10 nM р47224- 10 nM p40^^* 88-043 
10 nM p47^?* 4-100 nM p40e%™ 8.27 +0.37 


ness of p47?*** ın a cell-free system employing recombinant 
proteins and purified flavocytochrome b,,,, under conditions 
where the limiting component was p47*"7. Decreasing the 
amount of p47?*** in the assay from 15 pmol (100 nM final 
concentration) to 1.5 pmol (10 nM) reduced the amount of Oy 
activity by about 75 %. Addition of 15 pmol of p407** (100 nM) 
restored the activity to approx. 75% of that obtained with the 
near-saturating concentrations of p47?*°* (Table 3). Increasing 
the p407*** concentration 10-fold (Table 3) or 100-fold (results 
not shown) did not recover further activity. p40°*°* did not 
exhibit a co-operative effect in similar experiments where p677*e* 
or Rac2 were the limiting components (results not shown). 

In order to examine this co-operative effect in more detail, the 
concentration dependence of NADPH oxidase activity on p47”*°* 
in the absence or presence of 100 nM p40?*^ was measured 
(Figure 2, top panel). In the absence of p40?^?7*, half-maximal 
activity was observed at 2.4 3- 0.25 pmol/well (16-- 1.7 nM final 
concentration), in the range that we have reported previously [5]. 
In the presence of p40?*** however, p47°*°* was effective at 
significantly lower concentrations [half-maximal activity 0.9 + 
0.12 pmol/well (5.98 +0.78 nM final)]. The calculated Va, was 
similar in both cases, 12 55 and 12.81 nmol of O/min per pmol 
of flavocytochrome b,,, in the absence and presence of p40”** 
respectively, demonstrating that p40?*^* increased the affinity of 
p47?*^* in the activation process, but did not increase the overall 
activity. Similar experiments determining the concentration de- 
pendence of NADPH oxidase activity on p67?*°* (Figure 2, 
middle panel) or Rac2 (Figure 2, lower panel) in the presence or 
absence of p40*?^* did not show such co-operative effects, 
indicating that the effect was specific for p47»*e*, 


Concentration dependence of the co-operative effect of p40^*" оп 
p47^ 

In order to estimate the concentration dependence of p40”*** in 
promoting the efficiency of p47™°* in activating NADPH oxidase, 
p40?*^* was titrated into the cell-free system containing a sub- 
optimal amount of p47?*** as described above. The co-operative 
effect reached a plateau at relatively low concentrations of 
p40»^* (Figure 3), with a half-maximal response at 0.23 + 
0 05 pmol of p40?*9* /well (1.5 + 0.33 nM), increasing the activity 
from 3 nmol of О, /min per pmol of flavocytochrome 5,,, to 
6.56 nmol of О, /min per pmol of flavocytochrome Б. This 
concentration of p40?*^** was much less than that present in 
neutrophil cytosol (460 nM; A. R. Cross and P. G. Heyworth, 
unpublished work). It is concluded that the function of p40** is, 
at least in part, to promote activation of NADPH oxidase by 
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Figure 2 Concentration-dependence of NADPH oxidase activity on p47", 
p67" and Rac2 In the absence and presence of p40^*e 


NADPH oxidase activity was measured in the cell-free system as described їп the Experimenta! 
secton The complete reaction mixture contained 03 pmol of flavocytochrome A, and 
15 pmol of p47", 10 pmol of p67 and 4 pmol of Rac2 with (A) or without (NI) 15 pmol 
of p40" (Top panel) Increasing concentrations of p47 were added to the complete reaction 
mixture lacking p47? (Middle panel) Increasing concentrations of p67 were added to the 
complete reaction moxture lacking p67 (Bottom panel) Increasing concentrations of Вас? 
were added to the complete reaction mixture lacking Rac2 The curves are the best fits to a 
ane-site binding (hyperbola) equatron calculated using GraphPad Prism Each dala set is 
representative of one of two or three experiments performed in duplicate The error 
bars represent S EM 
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Figure 3 Concentration dependence of the co-operative effect of p40*** on 
the ability of p47** to activate NADPH oxidase in the cell-free system 


NADPH oxidase activity was measured in the celHree system as described in the Experimenta! 
section. The reaction muxture contained 0 3 pmol of flavocytochrome bsa 1 5 pmol of p47^**. 
10 pmol of p67, 4 pmol of Вас? and increasing concentrations of р4022 The curve rs the 
best fit to a one-site binding (hyperbola) equabon calculated using GraphPad Prism The data 
represent one of two experiments performed in duplicate. The error bars represent SEM 


increasing the affinity of p47™°* for other oxidase components. 
In principle, this could be achieved ın three ways. First, p407^^* 
could promote the conformational change in p47?^^ that is 
believed for it to be necessary to bind to flavocytochrome 5,,, 
[29-31]. Secondly, p40»*** could bind to both flavocytochrome 
bss and p47?*°*, thus co-operatively increasing the binding 
affinity of the latter to the p40™°*—flavocytochrome b,,, complex. 
Thirdly, p40?*** could bind to p67?*^* and/or Rac2 in such a way 
as to increase the affinity of these components for p47?**, 
thereby decreasing the concentration of p47?*** required to 
recruit them to flavocytochrome 5,,,. Distinguishing between 
these possibilities will be the focus of future work. 


| am very grateful to Walter Darbonne, Rich Erickson, Jiabing Ding and John Curnutte 
(Genentech, South San Francisco, CA, U.S.A.) for the gift of recombinant phax 
proteins. This work was supported by National Institutes of Health grant Al24838 
This is The Scripps Research Institute manuscnpt number 12987-MEM 
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Mitochondrial ATP production is necessary for activation of the 
extracellular-signal-regulated kinases during ischaemia/reperfusion in rat 


myocyte-derived H9c2 cells 
Lindy ABAS!, Marie A. BOGOYEVITCH and Michael GUPPY 


Department of Biochemistry, University of Westem Australia, Nedlands, WA 6907, Australia 


To search for the stimuli involved in activating the mitogen- 
activated protein kinases (MAPKs) during ischaemia and reper- 
fusion, we simulated the event in a system in vitro conducive to 
continuous and non-invasive measurements of several major 
perturbations that occur at the time: O, tension, mitochondrial 
respiration and energy status. Using H9c2 cells (a clonal line 
derived from rat heart), we found that activation of the extra- 
cellular signal-regulated MAPKs (ERKs) on reoxygenation was 
abolished if the mitochondria were inhibited prior to and during 
reoxygenation. Re-introduction of O, per se is therefore not 
sufficient to activate the ERKs. Recovery and maintenance of 
cellular ATP levels by mitochondrial respiration is necessary, 
although ATP recovery alone is not sufficient. ERK activation 
by H,O,, but not phorbol esters, was also sensitive to mito- 


chondrial inhibition. Thus, reoxygenation and H,O,-mediated 
oxidative stress share a mechanism of ERK activation that is 
ATP- or mitochondnon-dependent, and this common feature 
suggests that the reoxygenation response is mediated by reactive 
oxygen species. A correlation between ERK activity and ATP 
levels was also found during the anoxic phase of ischaemia, an 
effect that was not due to substrate limitation for the kinases. 
Our results reveal the importance of cellular metabolism in ERK. 
activation, and introduce ATP as a novel participant in the 
mechanisms underlying the ERK cascade. 


Key words: anoxia, MAPK, mitochondrial inhibitor, reactive 
oxygen species, oxidative stress. 





INTRODUCTION 


All three mitogen-activated protein kinase (MAPK) subfamilies 
have been implicated in the responses to ischaemia and reper- 
fusion in heart, brain, kidney and liver [1—7]. The general pattern 
comprises activation of the p38 kinases during ischaemia, fol- 
lowed by the extracellular-signal-regulated kinases (ERKs) and 
the stress-activated protein kinases (SAPKs) upon reperfusion. 
However, it has been difficult to identify the stimuli for these 
signalling cascades as many changes occur during ischaemia and 
reperfusion, e.g. pertubations to O, tension (рО,), cellular 
metabolism, ATP levels, pH, ion gradients and the production of 
reactive oxygen species (ROS). Of these events, ROS production 
has received particular attention as the ERKs and SAPKs are 
known to be activated by oxidative stresses, such as H,O, 
[2,5,8—10]. This has led to the suggestion that the ROS produced 
at reperfusion [11-14] mediate the ERK/SAPK response. As 
H,O, is easily used in vitro, much research on the MAPKs has 
been done using exposure to H,O, as a model for the oxidative 
stress that occurs on reperfusion [2,5,9,10]. This assumes, how- 
ever, that ROS are the main stimuli for these kinases. Not- 
withstanding the possible importance of ROS, another major 
event that occurs during reperfusion, and which may also have 
implications for MAPK activation, is metabolic recovery. 
Perturbations to cellular metabolism are a distinguishing 
feature of ischaemia and reperfusion. Oxidative metabolism is 
compromised as O, is depleted, but recovers upon reperfusion 


and reoxygenation. An indication that cellular metabolism may 
play a role in the reperfusion activation of the MAPKs comes 
from studies in which the metabolic inhibitors, cyanide (CN) and 
2-deoxyglucose, were used to simulate the metabolic inhibition 
aspect of ischaemia. Metabolic recovery following removal from 
such ' chemical anoxia’ led to activation of the ERKs and/or the 
SAPKs in kidney epithelial cells [6] and cardiac myocytes [15]. 
This implies that metabolic recovery may contribute to the 
reperfusion activation of the ERKs/SAPKs in an ischaemic 
event, and soit may be metabolism rather than (or in combination 
with) ROS that activates the MAPKs. However, the chemical 
anoxia model cannot be used to discriminate between a meta- 
bolic- or ROS-based mechanism of MAPK activation due to the 
confounding factors that the application of CN ın the presence 
of O, enhances the mitochondrial production of ROS [13,16], 
and the effect of any such ROS is potentiated as the protective 
enzymes catalase [17] and superoxide dismutase [18] are inhibited 
by CN. Also, chemical anoxia does not involve the dramatic 
changes 1n pO, that are such definitive events in ischaemia and 
reperfusion, and which may be crucial for signal transduction in 
terms of ROS and/or cellular O, sensors. 

For these reasons, the activation of the MAPKs seen on 
metabolic recovery from chemical anoxia may not apply to the 
anoxia/reoxygenation situation. Here, we set out to delineate 
the role of metabolic inhibition and recovery in the activation 
of the MAPKs during ischaemia and reperfusion, and to see 
whether O, was a direct stimulus or had an indirect role via its 


Abbreviations used CN, cyanide, ERK, extracellular-signal-regulated kinase, FCCP, carbonyl cyanide p-tnfluoromethoxyphenylhydrazone, MAPK, 
mitogen-activated protein kinase, MBP, myelin basic protein, MEK, MAPK or ERK kinase, pO,, oxygen tension, ROS, reactive oxygen species, 


SAPK, stress-activated protein kinase, Yo, rate of oxygen consumption 
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participation in the production of ROS and/or metabolic 
recovery. We simulated ischaemia/reperfusion гт vitro in a 
physiologically meaningful sense, collected precise and accurate 
data on crucial parameters (pO,, metabolic rates, ATP) and 
related the changes to the activity of the ERKs. The ERKs were 
chosen due to their known responses to metabolic and oxidative 
stresses, and because they are activated early in reperfusion at a 
time when metabolic recovery 1s also occurring. We also investi- 
gated a previously reported phenomenon that has never been 
explained, that of a decrease in basal ERK activity during 
ischaemia [1,10] or chemical anoxia [6,15]. 


EXPERIMENTAL PROCEDURES 
Materials and cell culture 


Bovine brain myelin basic protein (MBP), myxothiazol, anti- 
mycin A, carbonyl cyanide p-trifluoromethoxyphenylhydrazone 
(FCCP) and PMA were from Sigma. 

H9c2 cells, a clonal line derived from rat heart (ATCC CRL- 
1446; ATCC, Rockville, MD, U.S.A.), were grown in Dulbecco’s 
modified Eagles medium with 10 % fetal calf serum, 100 units/ml 
penicillin and 0.1 mg/ml streptomycin. At confluency, serum 
was reduced to 1 95 for 24h, then eliminated for a further 24 h. 
Cells were trypsinized, washed and resuspended in sterile in- 
cubation buffer (25 mM Hepes, 125 mM NaCl, 5mM КС 
0.5 mM MgCl,, 0.9 mM CaCl, 5 mM glucose, 2 mM sodium 
acetate, 2 mM glutamine and 0.5 mM lactate, pH 7.4 at 37 *C, 
300 mOsm) at 1 x 10*—2 x 10? cells/ml and transferred to glass О, 
electrode chambers (Strathkelvin Instruments, Glasgow, Scot- 
land, U.K.) maintained at 37°C. Viability as measured with 
0.4% eosin was at least 85%. Chambers typically contained 
3—4 ml of cells, and were stirred continuously 


Simulated Ischaemia/reperfusion Incubations with or without 
mitochondrial Inhibitors 


After 15-20 min of pre-incubation, an O, electrode (Strathkelvin 
Instruments) was inserted into the chamber to seal the cell 
suspension from air and to measure pO, continuously. The pO, 
data were collected using a Maclab system. During the initial 
period of progressive hypoxia (about 30 min) and the ensuing 
anoxic period, samples (cells + medium) were obtained via a 
stainless-steel tube built into the electrode [19] to avoid perturbing 
the pO, of the suspension. Two samples were collected at each 
time point, one directly into cold perchloric acid/EDTA (0.6 M/5 
mM final concentrations) for ATP and lactate assays, and 
another frozen immediately 1n liquid N, for ERK assays. After 
30 min of anoxia, the electrode was removed to bring about an 
immediate and spontaneous reoxygenation of the suspension 
and a return to normoxic pO, (140-160 uM) by 3 min. In- 
cubations were continued for 30 min. 

To distinguish between the effect of O, per se and metabolic 
recovery during reoxygenation, metabolic recovery was pre- 
vented by injecting mitochondrial inhibitors (1 „М myxothiazol 
or antimycin, final concentration) or solvent (0.7 mM DMSO or 
0.9 mM ethanol, final concentration) into the anoxic chambers 
about 5 min before reoxygenation. Alternatively, the uncoupler 
FCCP (24M final concentration) was used. The possible de- 
pendence of metabolic recovery on ERK activation was also 
investigated by treating cells with the MEK (MAPK or ERK 
kinase) inhibitor PD98059 (50 «М final concentration; Calbio- 
chem, San Diego, CA, U S.A.), or solvent (7 mM DMSO, final 
concentration) for 10 min, then conducting the hypoxia/anoxia/ 
reoxygenation protocol in the continued presence of the drug. 
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To delineate further the role of ATP recovery in ERK 
activation, the period immediately following reoxygenation was 
investigated in more detail. Cells were subjected to hypoxia/ 
anoxia/reoxygenation, then inhibited with 1 uM antimycin or 
myxothiazol at either 30, 60 or 90 s post-reoxygenation. 


Normoxic incubatlons with mitochondrial Inhibitors 


All concentrations given here are final. Mitochondrial inhibitors 
(1 uM myxothiazol or antimycin, or 1 mM KCN) or the un- 
coupler FCCP (1—4 uM) were added to normoxic cells to assess 
the effects of the drugs on the rate of oxygen consumption (Р), 
ATP levels, lactate production and ERK activity. Initial samples 
and intermittent И, measurements were taken during 15—30 min 
of pre-mcubation. Inhibitors or solvent (0.7 mM DMSO, 0.2- 
0.9 mM ethanol or saline) were then added and sampling 
continued for 40 min. V, was remeasured to determine tbe 
effectiveness of the drugs. For the experiments with Н,О,, cells 
were pre-incubated for 15 min with 1 4M. antimycin or myxo- 
thiazol, or solvent, then treated with 100 uM H,O, or water for 
30 min. The PMA experiments were performed on cells subjected 
previously to the simulated ischaemia/reperfusion protocol. Cells 
were taken from the control and inhibited chambers about 
40 min after reoxygenation (with or without inhibitors) and 
treated with 100 nM PMA or solvent (1.4 mM DMSO) for 
30 min at 37 °C. 


in-gel MBP kinase assays 


After collection into liquid N,, samples were stored at — 80 °C. 
Cells were lysed on ice for 30-45 min in lysis buffer [final 
concentrations. 1% Triton X-100, 20mM Tris (pH 6.8), 
50 mM NaF, 20 mM f-glycerophosphate, 0.1 mM NaVO,, 4 mM 
EDTA, 2 mM EGTA, 1 mM benzamidine, 10 ug/ml aprotinin, 
20 ug/ml leupeptin and 1 mM PMSF, then centrifuged (10000 g, 
10 min, 4 ?C). Supernatants were transferred to loading buffer 
[final concentrations: 60mM Tris (pH 6.8), 1% SDS, 10% 
glycerol and 5% #-mercaptoethanol] and fully denatured (90 °C, 
3 min). Proteins were separated by SDS/PAGE with 10% gels 
containing 0.5 mg/ml MBP. ERK activity was determined by 
the 1n-gel MBP-kinase method [2]. Dried gels were exposed to 
Fuji imaging plates for 6—16 h, and the plates processed in a Fuji 
BAS1000 Imager. Bands corresponding to ERK1 and ERK2 
were quantified by densitometry using a MacBAS program. 
Quantification was validated by standard curves, which were 
linear within the range studied. 


Western-blot analysis 


Cell extracts were separated by SDS/PAGE (10 or 12.5% gels) 
and transferred to nitrocellulose membranes (Hybond ECL, 
Amersham) using a semi-dry transfer apparatus (Bio-Rad). 
Membranes were blocked with 5% skimmed milk and probed 
with primary antibodies from Zymed Laboratories (ERK.1/2) or 
New England Biolabs (all others). Horseradish peroxidase-linked 
secondary antibodies (Pierce) were used for detection by en- 
hanced chemiluminescence (LumilightPlus from Roche, or Super 
Signal from Pierce). Films were processed conventionally. 


ATP and lactate measurement 


Perchloric acid extracts were neutralized and assayed for ATP 
and lactate by enzyme-linked spectrophotometric assays ([20], 
pages 121—122 and 188-189) on a SPECTRAmax 340 microplate 
spectrophotometer (Molecular Devices, Sunnyvale, CA, U.S.A.). 
ATP levels have been presented as percentages of the initial levels 
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(see the Figure legends). The actual ATP content of the H9c2 
cells was 12.49 +0.45 nmol/10? cells (+S.E.M.: n = 16), which 
is similar to a previous report (10 nmol/10?* cells [21]). Using our 
estimated cell volume for these cells of 3 41/10* cells and a cell 
water content of 70 ?,, the normal intracellular concentration of 
ATP is about 6 mM. 


Statistical analysis 


All results are expressed as means+S.E.M. (n — 3 or more). 
Comparisons were made using two-tailed paired or unpaired 1 
tests, or a one-way repeated-measures ANOVA with either 
Fisher's protected least-squares difference (PLSD) or Dunnett's 
two-tailed test of significance. Differences were considered sig- 
nificant at P « 0.05. 


RESULTS 


Simulated ischaemia/reperfusion affects cell metabolism and ERK 
activity 


The simulated ischaemia/reperfusion protocol commenced with 
an initial normoxic/hypoxic period as the cells gradually con- 
sumed all dissolved O, to reduce O, concentration from about 
140 «М down to 0 „М. During this period, ATP turnover (using 
à P/O, ratio of 4.5, and 1 mol of ATP/mol of lactate) was 
1317+ 106 nmol of ATP/10*5 cells per h (all metabolic rates are 
n = 5), comprising 98 °, oxidative metabolism (285 +21 nmol of 
O,/10* cells per h) and 2, glycolytic (33 + 10 nmol of lactate/ 105 
cells per h). Neither ATP levels (Figure la) nor ERK activity 
(Figures 16 and 1с) changed during this initial period. At the 
onset of anoxia, glycolysis was stimulated 8.5-fold (282 + 44 nmol 
of lactate/10* cells per h) to maintain ATP turnover at 21 +1% of 
the oxidative rate. ATP levels started to decrease by | min 
of anoxia (results for 1-10 min not shown), and progressively 
declined over the next 15-20 min to reach 31+1°, of initial 
levels at 30 min of anoxia (Figure la). ERK activity declined in 
a similar manner, decreasing to 30+2%, (ERK I) at 30 min of 
anoxia (Figures Ib and Ic). This effect was specific for the ERKs 
as the activity of the 38-kDa MBP kinases (the p38 MAPKs) 
either increased or remained steady during hypoxia and anoxia 
(Figure 2), whereas other unidentified bands (Figure 1b) were not 
affected. As the pattern of activity of the p38 MAPKs was not as 
consistent as that of the ERKs, the results were not quantified. 

Upon reoxygenation, Vo, recommenced at 883^, of the 
initial (normoxic/hvpoxic) rate to enable ATP levels to recover 
to 79-88", of initial values over the next 30 min (Figure la). 
Total ATP turnover (1204+115 nmol of ATP/10? cells per h) 
and lactate production (73 + 40 nmol/10* cells per h} returned 
to rates that were not significantly different from initial rates. 
Reoxygenation also caused rapid and short-term activation of 
the ERKs, with a peak between 5 and 7 min and a return to 
initial levels by 20 min (Figures lb and Ic). The peak activation 
of ERKI was 8.6-fold higher than the immediate anoxic value, or 
2.6-fold higher than the initial control level (Figure 1с). 

The activity profiles of the ERKs were confirmed by changes 
in phosphorylation status (Figure 3b). The specific activator of 
the ERKs, МЕК 1/2, was also dephosphorylated during anoxia, 
and reactivated upon reoxygenation (Figure 3d) As the re- 
activation of MEK preceded that of the ERKs with an earlier 


that MEK was responsible for the changes in the ERKs. Total 
expression of ERK and MEK did not change (Figures 3a 
and 3c). 

Incubation with 50 4M PD98059 reduced basal ERK activity 
to 50°, of the control before anoxia (results not shown, л = 2). 
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Figure 1 Effects of simulated ischaemia/reperfusion with or without 
mitochondrial inhibitors on ATP and ERK1/2 activity 


Cells were subjected to hypoxia/anoxia/reoxygenation, +1 4M antimycin or myxothiazol 
added during anoxia. Samples were assayed for ATP and ERK1/2 activity. (a) ATP. Black bars. 
contro: cells: white bars, cells + inhibitors; Л == 5; the values at 20 min hypoxia were set а! 
100%. (b) Phosphorylation of MBP by ERK1/2 in an in-gel MBP kinase assay fram a 
representative experiment with antimycin. The other bands are unidentified MBP kinases. 
Molecular-mass markers (mw) аге 66 and 46 kDa. (e) Densitometric quantification (7 = 5. 
from three experiments with antimycin and two with myxothiazal; 20 min hypoxia set at 100% 
of ERK1 (IM) and ERK2 ((71) activity (solid lines, control cells ; dashed lines, cells + inhibitors) 
irom the in-gel assays. For (a) and (€), comparisons within the control time course were made 
using ANOVAs with a Dunnett test ©, significantly different to 10 min hypoxia, P < 0.05; the 
20 min hypoxia time-points were discarded as they were set at 100%). Paired 16515 were used 
to compare the inhibited cells with control values at the same time point ("P « 0.05). 


Anoxia suppressed ERK activity in both control and PD98059- 
treated cells. Upon reoxygenation, the ERKs in PD98059-treated 
cells were activated but only to 25°, of the activation seen in 
control cells. ATP recovery and cell metabolism (K,. lactate 
production and ATP) were unaffected by PD98059 (results not 
shown). 
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Figure 2 Effects of simulated ischaemia/reperfusion on p38 MBP kinase 
activity 


Cells were subjected to hypoxia/anoxia/reoxygenation and samples were assayed by in-gei 
MBP kinase assays. The activity of the p38 MBP kinase was compared with ERK1/2 aruvity. 
Results in (a) and (b) are from separate experiments taken from those described in Figure 1, 
and are typical of the pattern of activity of p38 MBP kinase during the transition from hypoxia 
(hyp) to anoxia (anox) and reoxygenation (reox). 
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Figure 3 Effects of simulated ischaemia/reperfusion + antimycin on the 
phosphorylation states of ERK1/2 and MEK 


Cells were subjected to hypoxia (hypox)/anoxia (anox)/reaxygenation (reox), 3- 1 4M antimycin 
added during anoxia. Samples were extracted and anaiysed by Western blotting for (a) total 
ERK1/2, tb) phospho-ERK1/2, (c) totai MEK1/2 and (d) phospho-MEK1/2. Results are 
representative of three experiments with antimycin and two with myxothiazol. 


Mitochondrial inhibitors abolish the ERK reoxygenation response 


If antimycin or myxothiazol was added prior to reoxygenation, 
the inhibited cells retained an anoxic pattern of metabolism 
despite being reoxygenated, both in terms of glycolytic rate 
(321 +57 nmol of lactate/10? cells per h) and ATP levels (Figure 
la). Activation (Figures 10 and lc) and phosphorylation 
(Figures 3b and 3d) of the ERKs and MEK upon reoxygenation 
were also completely abolished in inhibited cells. Addition of 
FCCP prior to reoxygenation enhanced К, by 2-3-fold (com- 
pared with initial И) following reoxygenation but it had the 
same effects on ATP and ERK activation as the inhibitors in 
Figure | (results not shown). 
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Figure 4 Recovery of ATP during early reoxygenation (0—6 min), and 
effects of mitochondrial inhibitors added at 30—90 s reoxygenation 


Cells were subjected to hypoxia/anoxia/reoxygenation, +1 aM antimycin or myxothiazol 
added alter 30 s (Ф), 60 s (x ) or 90 5 (A) reoxygenation. Samples were assayed for ATP 
(n 3-5) with the value at mid-hypoxia set at 100%. Only reoxygenation data between 0 and 
б min are shown; hypoxic and anoxic results were similar to Figure 1(a). Contro! cells (171) 
received solvent at 0 min. ANOVAs and Fishers PLSD tests were used to compare ATP in the 
control time course with the control sample taken at 5 min (a, P « 0.05). and to compare ATP 
in the inhibited time courses with the sample taken at the time of initial addition of inhibitor 
(b. c and d, compared with appropriate contro! values at 30, 60 and 90 s respectively, Р < 
0.05). 


ATP recovery and ERK/MEK activation during early reoxygenation 


to 77+3%, of initial levels, which was significantly less than the 
value at reoxygenation times of 60-70 s (85 + 1°) and 5 min 
(884-2*4. Figure 4). As there was no significant difference 
between the latter two values, ATP recovery appeared complete 
by 40-60 s. Activation of the ERKs lagged behind ATP recovery, 
with ERK activity remaining at anoxic values up to 1.5 min after 
reoxygenation (Figure 5a). This was confirmed by Western-blot 
analysis, with phosphorylation of the ERKs seen only after 
1.7 min of reoxygenation, although phosphorylation of MEK 
was apparent by 30 s and had increased by 1.2 min (Figure 5b). 
Total expression of ERK (Figure 5b) and MEK (results not 
shown) was unchanged. 

Mitochondrial inhibition at 30, 60 or 90 s post-reoxvgenation 
interrupted ATP recovery and immediately caused ATP to 
decrease towards anoxic levels (Figure 4), where it remained for 
the next 30 min (results not shown). Inhibition at 30 or 60 s also 
greatly suppressed ERK activation (Figure 5a) and resulted in 
less phosphorylation of ERK and MEK compared with the 


control (Figure Sc). When inhibitors were added at 905 of 


reoxygenation, there was a more pronounced ERK activation 
(Figure 5a) and corresponding increases in the phosphorylation 
states of both ERK and MEK (Figure 5c), but levels were still 
lower compared with the control in both cases. 


ERK activity and ATP are correlated during mitochondrial 
inhibition 


As shown in Figure 1, both ATP levels and ERK activity 
decreased simultaneously during anoxia to about 30 9; of initial 
levels. This apparent relationship was investigated further using 
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Figure 5 Activation of ERK1/2 and MEK during early reoxygenation 
(0—7 тіп), and effects of mitochondrial inhibitors added at 30—905 
reoxygenation 


Cells were subjected to hypoxia (h)/anoxia (a}/reoxygenation (reox), +1 «M antimycin or 
myxothiazol added after 30, 60 or 90 s of reoxygenation. (a) Samples were assayed for ERK1/2 
activity, with activity at mid-hypoxia set at 100%. Only reoxygenation data are shown; hypoxia 
and anoxia were similar to Figure 1(c). Results are for ERKT (n == 3—5), with inhibitors added 
at either 30 s (4), 60 $ ( x 20: 90 5 (/A) reoxygenation. Control cells (С) received solvent at 
0 s. Results for ERK2 were similar (not shown). ANOVAs and Fisher's PLSD tests were used 
to compare ERK activity in the control time course with control at 0 min (a, P « 0.05), and to 
compare activity in the inhibited time courses with control at the time of initial addition ol 
inhibitor (b, c and d, compared with control values at 30, 60 and 90 s respectively, P < 0.05). 
(b) Western analysis of total ERK1/2 and phosphorylated ERK1/2 and MEK1/2 during hypoxia, 
anoxia and 0—5 min of reoxygenation in a representative experiment (л = 3—5). (6) Western 
analysis of phosphorylated ERK1/2 and MEK1/2 during hypoxia, anoxia and early reaxygenation 
in control cells [reox(c)] or in cells inhibited with 1 aM antimycin at 60 or 90 s [reox(60), 
г60х:90)1. Data are representative of three experiments. Results for 30 s (not shown) resembled 
those for 60 s. 


mitochondrial inhibitors instead of anoxia to deplete ATP: 1 М 
myxothiazol, і «M antimycin or 1 mM CN inhibited Jj 
immediately by 99+0.6%, (n = 7), stimulated lactate production 
(results not shown) and caused progressive reductions in both 
ATP and ERK activity (Figure 6). The relationship between ATP 
and the ERKs was significant (P « 0.001). The decreases 
were not due to cell death because: first, the anoxic data were 
collected from cells that were subsequently reoxygenated and 
regained 79-88 94 of initial ATP (Figure la); secondly, the rate 
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Figure 6 Correlation between ATP and ERK activity during anoxia or 
mitochondrial inhibition 


Cells were subjected to mitochondrial inhibitors (il: from five experiments with 1 mM CN, 
1 4M myxothiazol or 1 «М antimycin) or anoxia (7); from 12 experiments). Samples were 
collected at 1—40 min anoxia or post-inhibition, assayed for ATP and ERK1/2 activity and 
expressed relative to the initial values prior to inhibition or anoxia. The percentage ERKI 
and ERK2 activities were combined to give an average for each point. The iine was plotted 
using all data and has a correlation coefficient of 0.943 (n = 98, P < 0.001). 
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Figure 7 ERK activation by РМА is not affected by mitochondrial inhibitors 


Control (Cont) and mitochondrially inhibited (Inh cells were stimulated for 5 min with 100 nM 
PMA (P) or solvent (1.4 mM DMSO, D), and assayed for ERK1/2 activity. (a) Phosphorylation 
of MBP by ERK1/2 in an in-gel MBP kinase assay. (b) Western analysis of total ERK1/2 and 
phospho-ERKT/2. Results in (a) and (b) are representative of three experiments with 1 aM 
myxothiazol. (6) Densitometric quantification (6 = 3) of PMA-induced ERK1/2 activity from the 
in-gel assays. Activity in PMA-stimulated control or inhibited celis was expressed as a 
percentage of the activity in DMSO-treated control or inhibited cells, respectively. There were 
no significant differences between contro! and inhibited cells for either myxothiazol (MX) or 
antimycin (AM) (paired / test, P > 0.05), 


of lactate production was similar in anoxic and inhibited cells, 
and was linear throughout the incubations; and thirdly, cell 
viability was not different from control cells (> 85°, by eosin 
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Figure 8 ERK activation by H,0, is prevented by mitochondrial inhibitors 


Control and mitochondrially inhibited cells were stimulated with 100 «М Н.О, and assayed for 
ERK1/2 activity. (a) Phosphorylation of MBP by ERK1/2 in an in-gel MBP kinase assay. Celis 
were treated with 0.7 mM DMSO (Control, Control + H,0,) or 1 4M myxothiazol (inhib + 1,0.) 
at -15 min, followed by 100 «М H,0, (Control +H,0,, Inhib+H,0,) or water (Control) at 
0 min. Similar results were obtained in two experiments with 1 M antimycin. (b) Densitometric 
quantification of ERK1 activity from the in-gel assays (n = 3); results for ERK2 were similar 
(not shown). Contro (С) and mitochondrially inhibited cells (A; 1 «М antimycin or 
myxothiazol indicated by black arrow) were stimulated with 100 aM Н,0, (white arrows) and 
compared with contro! (NI) or mitochondrially inhibited cells (A) that did not receive Н.О, 
Control cells at 0 min were set as 100%. At each time point, / tests were used to compare 
H,0,-stimulated cells (contro! or inhibited) with their respective non-stimulated cells 
CP « 0.05). Note that Н.О, activation at 3 min could not be compared as {here was no 
corresponding control. 


staining). Controls showed no effects of solvents on /, , ATP or 
ERK activity. The uncoupler FCCP also depressed both ATP 
and ERK activity (results not shown). 


PMA, but not H,O,, stimulates the ERKs in mitochondrially 
inhibited cells 


Antimycin or myxothiazol (1 4M) did not prevent phosphoryl- 
ation and activation of the ERKs by 100 nM PMA (Figure 7). 
The activation in inhibited cells started from a lower basal level 
of ERK activity due to suppression by the inhibitors (Figures 7a 
and 7b), but the fold activation was the same as in the control 
(non-inhibited) cells (Figure 7c). Total ERK levels were un- 
changed (Figure 7b), indicating that the differences were not due 
to changes in expression or degradation of the ERKs in the in- 
hibited cells. Also, viability tests with eosin showed that the 
lower basal activity in inhibited cells was not due to cell death. 
The time course of activation by PMA was also unaffected by 
inhibition, with a peak at 5-10 min and a return to basal levels 
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by 15-20 min (results not shown). Controls showed no effect of 
DMSO on ERK activity. In contrast to the PMA results, 
activation by 100 „М H,O, was absent in inhibited cells, com- 
pared with maximal activation of 189 + 13°, (ERK 1) in control 
cells (Figure 8). ATP, V, and lactate production were not 
affected by the addition of H,O, (results not shown). 


DISCUSSION 


Following previous reports of ERK activation during metabolic 
recovery from chemical anoxia [6,15], we first set out to resolve 
whether a similar relationship exists during metabolic recovery 
from physical anoxia in an ischaemia/reperfusion event, and 
secondly what the implications are for the current theory that 
the reperfusion activation of the ERKs has an. ROS-based 
mechanism. We used H9c2 cells, a myocyte line that suited our 
in vitro system, and which showed similar ERK responses to 
oxidative and metabolic stresses (Figures 1 and 8) to those seen 
in whole-organ [1,5,6] and primary cell preparations [6.9,15]. 

Whereas the chemical anoxia and H,O, studies [5,6.8-10.15] 
showed that metabolic recovery and oxidative stress could 
individually activate the ERKs, we show here the relationship 
between these two stimuli and ERK activation when they occur 
simultaneously during reoxygenation. By preventing metabolic 
recovery with mitochondrial inhibitors, we found that activation 
of the ERKs upon reoxygenation was also completely abolished 
(Figures | and 3). This relationship was one of ERK dependence 
on ATP recovery as ATP recovery occurred first (Figures 4 and 
5a), and the MEK inhibitor PD98059 reduced ERK activation 
by 75°, yet did not affect ATP recovery. Thus recovery of ATP, 
or another event associated with the resumption of mitochondrial 
respiration, is necessary for ERK activation at reoxygenation. 
This shows that the physical re-introduction of O, is not a 
sufficient stimulus for the ERKs, that O, per se is not a signalling 
molecule and that O, sensors do not play a direct role in ERK 
activation. Instead, O, participates indirectly by enabling the 
resumption of mitochondrial respiration, and it is the latter that 
is required for ERK activation. 

Our next step was to determine which particular aspect of 
mitochondrial respiration was the crucial stimulus. We have 
presented ATP recovery here as it is the most obvious and 
important aspect, and also because there appears to be a 
relationship between cellular ATP levels and the ERKs (Figure 
6) that is not due to substrate limitation (see below). However, 
there are three other aspects that our data allow us to discuss: 
mitochondrial electron flow, pH and the production of ROS. 
The first of these, resumption of electron flow through the 
respiratory chain, may be ruled out as FCCP also suppressed 
ERK activation despite enhancing the respiration rate upon 
reoxygenation. The second event, a sudden change in pH that 
can occur at reperfusion following the wash-out of lactic acid 
accumulated during ischaemia, may also be eliminated as we did 
not replace the buffer upon reoxygenation. 

The third aspect, the production of ROS, is important given 
the proposed ROS-based mechanism of ERK activation. 
Although the mitochondrial respiratory chain is considered the 
major producer of ROS during reperfusion [11.13.16], there are 
other possible sources, such as xanthine oxidase [12] and NADPH 
oxidase (present in H9c2 cells [21]). Our results (Figures | and 3) 
preclude a role for non-mitochondrial ROS in ERK activation 
during reperfusion as the inhibitors used would not have affected 
ROS from other sources. Our data are consistent with a 
mitochondrial source of ROS but only if it is assumed that ROS 
are not produced by inhibited mitochondria. However, the 
inhibitors used here act at different sites in the electron transport 
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chain and so have opposite effects, 1e. antimycin and CN 
enhance mitochondrial ROS production [13,16], whereas myxo- 
thiazol and FCCP reduce it [11,16]. Since all these prevented 
ERK activation, our data would seem to suggest that mito- 
chondrial ROS are also not the stimulus. However, the activation 
of the ERKs by H,O, was also blocked in mitochondrially 
inhibited cells (Figure 8), whereas stimulation by PMA was still 
possible (Figure 7). This is also seen in neonatal rat cardio- 
myocytes, i.e mitochondrial inhibitors eliminated activation of 
the ERKs by H,O,, but did not affect activation by other stimuli 
such as PMA, phenylephrine or hyperosmotic shock [21a]. Taken 
together, the data suggest that reoxygenation and H,O, share a 
similar pathway of ERK activation which distinguishes them 
from all other stimuli tested. Since the effects of H,O, are 
thought to be mediated by oxidative stress and ROS, these 
results suggest strongly that ERK activation in reoxygenation 1s 
also ROS-mediated, but that the signalling mechanism is de- 
pendent on normal levels of (mitochondrially produced) ATP 
and/or functioning coupled mitochondria. 

To confirm and look further at this dependence of ERK 
activation on ATP and/or the mitochondria, we added the 
mitochondrial inhibitors in the immediate post-reoxygenation 
period. Whereas the results in Figures 1 and 3 suggest that ATP 
recovery is necessary, we found that it was not a sufficient 
stimulus because inhibition at 30 or 60 s post-reoxygenation, i.e. 
after ATP recovery had occurred, also prevented ERK activation 
(Figures 4 and 5a) Since ROS are also produced early in 
reoxygenation (peaking at 10—40 s [12,14], the results of the 30- 
and 60-s inhibition experiments (Figure 5a) indicate that ROS 
are not a sufficient stimulus either. This confirms that contin- 
uation of the signal-transduction mechanism requires normal 
ATP and/or functioning mitochondria after the initial stimulus 
has occurred. 

Interestingly, such a requirement appears only to be necessary 
at a crucial period, 60-90 s post-reoxygenation. This is seen in 
cells inhibited at 90 s of reoxygenation (Figure 5a). Comparison 
of the ATP and ERK time courses in these incubations reveals 
that following the addition of inhibitors at 90 s, ATP decreased 
while ERK activity continued to rise (see the periods 2—5 min ın 
Figures 4 and 5a) This indicates that an ATP- or mitochondrion- 
dependent step occurs between 60 and 90 s, but once past this 
critical point, ERK activation can progress without further such 
requirements. The long delay between the first signs of phos- 
phorylation of МЕК (< 30 s) compared with ERK activation 
(> 1.7 min; Figures 5a and 5b) indicates that such an event may 
be the interaction between MEK and ERK This step involves 
separation of ERK from its cytoplasmic anchor MEK [22], 
followed by translocation of phosphorylated ERK into the 
nucleus [23]. It has been reported recently that both the cyto- 
plasmic localization of MEK. and the nuclear translocation of 
ERK are sensitive to ATP depletion by mitochondrial inhibition 
[24]. 

Whereas the reoxygenation activation of the ERKs has been 
studied widely, much less attention has been paid to the decrease 
in ERK activity during anoxia, shown here (Figures 1 and 3) and 
in previous studies [1,6,10,15]. The ERK/ATP correlation (Fig- 
ure 6) provides an explanation for these results as ATP would 
have decreased in each of the above cases. The effect 1s not due 
to the limited availability of ATP as a substrate for ERK or 
MEK. as the decreases in ERK activity were always reflected by 
lower phosphorylation states of both these kinases (Figures 3 
and 5). ATP would thus have to be substrate-limiting for kinase- 
activators above the level of MEK, such as the MEK kinases, 
Raf or MEKK. However, the correlation between ATP and 
ERK activity was evident at 80% of normal ATP levels (Figure 


6), at which time ATP would have been about 5 mM in these cells 
(assuming no compartmentation). As this is more than 10-fold 
the Ka arp of c-Raf-1 (12 4M [25D and MEKK (11 2M [26], 
these kinases should be operating at their V a, and would thus be 
insensitive to changes in ATP concentration Substrate limitation 
is also unlikely to be responsible for the absence of ERK 
activation during reoxygenation in inhibited cells (Figure 1c), as 
ATP levels were still high (about 2 mM) in those cells. Also, p38 
MBP kinase activity was not inhibited by anoxia (Figure 2), 
which showed that upstream activators and other MAPK 
pathways were not restricted by the lower ATP levels. Finally, 
mitochondrial inhibition did not prevent ERK activation by 
PMA (Figure 7). We emphasize here that the inhibited cells 
which were stimulated 3-fold by PMA were the same cells that 
did not respond at all to reoxygenation. Thus the effect of ATP 
on ERK activity appears to be specific for the ERKs and distinct 
from its role as a substrate in the MAPK cascade. We cannot, 
however, rule out the possibility of ATP compartmentation 
and/or substrate limitation at other steps such as the nuclear- 
translocation events [24]. 

A final interpretation of our data is that the suppression of 
basal ERK activity during anoxia and mitochondrial inhibition 
indicates a basal activity comprising two constitutive pathways, 
one of which 1s sensitive to mitochondrial inhibition. Different 
stimuli would then act via one or both of these pathways. Thus 
in inhibited cells, PMA was able to activate the ERKs by the 
mitochondrion-nsensitive pathway (Figure 7), whereas the ab- 
sence of ERK activation by reoxygenation or H,O, (Figures 1 
and 8) indicates that these stimuli required the mitochondrion- 
sensitive pathway. These results show that sensitivity to mito- 
chondrial inhibition. may distinguish between two different 
mechanisms of ERK activation. The broader implications are 
that cellular metabolism (or pertubations to it) should be 
considered when studying the ERKs, and that the mitochondria 
may be a fruitful area for future research into the mechanisms of 
ERK activation. 
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The role of phosphatidylcholine in fatty acid exchange and desaturation in 


Brassica napus L. leaves 
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The role of phosphatidylcholine (PC) in fatty acid exchange and 
desaturation was examined and compared with that of mono- 
galactosyldiacylglycerol (MGDG) in Brassica napus leaves using 
4C-labelling in vwo. Data are presented which indicate that in 
the chloroplast newly formed saturated (palmitic acid, 16:0) and 
monounsaturated (oleic acid, 18:1) fatty acid is incorporated 
into MGDG and desaturated m situ. In the non-plastidic 
compartments, however, newly formed fatty acid is exchanged 
with polyunsaturated fatty acid in PC, the probable major site of 
subsequent desaturation. The unsaturated fatty acid is released 
to the acyl-CoA pool, which is then used to synthesize di- 


INTRODUCTION 


Phosphatidylcholine (PC) is the major phospholipid in most 
higher plant cells and is found in most non-plastidic membranes, 
endoplasmic reticulum, mitochondria, plasma membrane and 
tonoplast, and the outer-envelope membrane of the chloroplast. 
It occupies a key position in membrane structure and glycerolipid 
biosynthesis in leaves and the biosynthesis of triacylglycerol 
(TAG) in seeds of oilseed plants [1]. While it is located primarily 
in the non-plastidic membranes, in most plants it is believed to be 
a major site of fatty acid desaturation and a precursor of 
chloroplastic lipids in leaves [2,3]. In oilseeds PC appears to play 
a similar role, being largely responsible for the levels of un- 
saturated fatty acids in seed-oil TAGs [4]. Despite its importance 
in leaf chloroplast lipid and seed-oil biosynthesis, surprisingly 
little is known about the details of the synthesis and desaturation 
of fatty acids 1n association with PC and their transfer to the 
chloroplast. 

There is considerable evidence that palmitoyl- and oleoyl-acyl 
carrier protein are the immediate products of fatty acid synthase 
and stearoyl-acyl carrier protein desaturase in plastids [5]. These 
acyl chains are exported from the plastid as free fatty acids, 
which are then esterified to CoA 1n the cytosol. The acyl-CoA 
thioesters exist as a soluble pool 1n the cytosol from which they 
are used in the biosynthesis of diacylglycerol (DAG) and 
subsequently phospholipids and TAG [1]. It is generally assumed 
that PC is formed from DAG containing mainly oleic acid (18:1; 
esterified to the sn-1 and -2 positions) and palmitic acid (16:0; on 
the sn-1 position) and that subsequent desaturation of the 18:1 
in situ results in the production of linoleic (18:2) and linolenic 
(18:3) acids [1]. In leaves, PC containing highly unsaturated fatty 
acid may then be used as a structural component of cytoplasmic 


. membranes or as a precursor to ће DAG used in the production 


of other cytoplasmic phospholipids (e.g. phosphatidylethanol- 


acylglycerol (DAG) containing a high level of unsaturated fatty 
acid. This highly unsaturated DAG may be the source for the 
biosynthesis of other cellular glycerolipids. The generally ac- 
cepted pathway in which PC is synthesized from molecular 
species of DAG containing 16:0 and 18:1 followed by de- 
saturation of the 18:1 to linoleic (18:2) and linolenic (18:3) acids 
1s questioned. 


Key words: acyl-CoA, !*C-labelling, lipid molecular species, 
plant lipid. 


amine) and chloroplast lipids [monogalactosyldiacylglycerol 
(MGDG), digalactosyldiacylglycerol (DGDG) and sulpho- 
quinovosyldiacylglycerol (SQDG)]. In seeds a similar pathway is 
hypothesized except that there is some exchange of fatty acid 
between PC and the acyl-CoA prior to DAG and TAG synthesis 
[6,7]. The desaturation of fatty acids in PC determines the levels 
of unsaturated fatty acids in the DAG precursors of seed TAG 
and the chloroplast lipids [8]. Despite this assumed role in 
chloroplast lipid biosynthesis no confirmed pathway for the 
transfer of the DAG moiety from PC to the chloroplast has ever 
been described. Recently Mongrand et al. [9] have challenged 
this hypothesis and proposed that the DAG from PC may not be 
integrated intact into the chloroplast lipids. 

It has been shown that the biosynthesis of MGDG, DGDG 
and SQDG in chloroplasts occurs predominantly within the 
chloroplast envelope from DAG derived either from the chloro- 
plast envelope itself (prokaryotic or chloroplastic pathway) or 
from a source outside the chloroplast (eukaryotic pathway) [1]. 
If the source of the DAG is from within the chloroplast, the 
DAG normally contains 18:1 (on the sn-1 position) and 16:0 (on 
the 57-2 position), a typical prokaryotic structure. If the source 
of the DAG is from outside the chloroplast, the molecular 
species of MGDG, DGDG and SQDG formed are of the 
eukaryotic structure, normally containing a mixture of 18:2 and 
18:3 at both sm positions and 16:0 on the sm-l position. 
Subsequent desaturation im situ of fatty acids in prokaryotic 
species [in hexadecatrienoic acid (16:3) plants] results 1n the 
production of mainly 18:3/16:3 molecular species of MGDG 
and DGDG, and 18:3/16:0 molecular species of SQDG [10]. 
Fatty acid desaturation in eukaryotic species results in pre- 
dominantly 18:3/18:3 molecular species in MGDG and DGDG 
and 16:0/18:3 and 18:3/18:3 species in SQDG [10]. 

It is generally believed that desaturation of fatty acids on PC 
and MGDG ш the chloroplast occurs m situ. Evidence for this is 


Abbreviations used DAG, diacylglycerol; DGDG, digalactosyidiacyiglycerol, lyso-PC, lysophosphatidylcholine; MGDG, monogalactosyldiacyl- 
glycerol, PC, phosphatidylcholine; SQDG, sulphoquinovosyldiacylglycerol, TAG, triacylglycerol, 16 0, palmrtic acid, 16.2, hexadecadienoic acid, 16 3, 
hexadecatrienoic acid; 18:0, stearic acid, 18 1, oleic acid, 18 2, linoleic acid, 18 3, linolenic acid, 18 4, octadecatetraenoic acid. 
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© 2000 Biochemical Soclety 


128 J. P. Williams and others 


derived mainly from 'C-labelling experiments im vivo and in 
vitro [1,5]. These data have been interpreted to suggest that PC 
and MGDG are formed from mono- and diene molecular species 
[18:1(16:0)/18:1 and 18:1/16:0, respectively] and that further 
desaturation occurs on the lipid to form the highly unsaturated 
fatty acids typical of PC and MGDG in different species. In 16:3 
plants, only part of the DAG backbone of chloroplast lipids is 
thought to be derived from PC, whereas їп 18:3 and octa- 
decatetraenoic acid (18:4) plants all the DAG backbones of 
MGDG, DGDG and SQDG are presumed to be derived from 
PC [11]. In all plants it 1s believed that the intact lipid is the 
substrate for desaturases 1n the prokaryotic and the eukaryotic 
pathways [1,5] However, evidence has been presented that 
suggests that the acyl-CoA esters (see [5]) may also be substrates 
for desaturases 

We undertook the experiments reported here to show 1n more 
detail the distribution of newly formed fatty acids on the 
molecular species of PC and MGDG with the objective of 
comparing the two biosynthetic pathways. While it is generally 
assumed that they are similar, our data show very significant 
differences between these pathways, suggesting that the role PC 
plays in fatty acid desaturation and the origin of the eukaryotic 
DAG ın chloroplast lipid biosynthesis need to be re-examined 


EXPERIMENTAL 


Brassica napus plants were grown from seed in growth rooms at 
20 °C under a 16-h:8-h light/dark regime with mixed fluores- 
cent/incandescent light (approx. 200 gE s>: m~”) for 3—4 weeks. 
Mature leaves were sampled, cut into discs (1.7 cm 1n diameter) 
and the discs were fed “СО, in light for 5 min. A 2-g sample of 
the discs was taken immediately for lipid extraction (0 h) and the 
remaining discs were incubated under the same light intensity 
and temperature for periods up to 48 h in continuous light. 
Samples of 2g of discs were taken at intervals during this 
incubation period. 

The leaf discs were extracted with chloroform/methanol (2:1, 
v/v) and the lipid extracts purified as described previously [12] 
Lipid classes were separated by TLC and molecular species of PC 
and MGDG were separated by argentation TLC as described 
previously [13]. The fatty acids of each molecular species band 
from the TLC plates were methanolysed using sodium methoxide 
[13] and the subsequent fatty acid methyl esters were analysed 
quantitatively using a Hewlett-Packard model 5890 gas-liquid 
chromatograph on a 30-m DB-23 capillary column programmed 
from 160 to 200 °C at 3 °C-min™. A portion of the sample was 
separated in a Hewlett-Packard model 7300 gas-liquid chroma- 
tograph on a packed 1.8 m x 4 mm glass column using Reoplex 
400 as stationary phase with an isothermal column temperature 
of 180°C. Each fatty acid was collected and radioactivity 
measured by scintillation counting as described previously [14]. 
Each analysis was completed on at least three different samples. 
However, because the uptake of label from “CO, is variable 
between experiments, it ıs not possible to average samples except 
as percentage distributions. The data presented for the quan- 
titative distribution and radioactivity of molecular species are, 
therefore, results from one experiment that was typical of at least 
three similar analyses. 


RESULTS 

^C Labelling of MGDG and PC 

B. napus leaf discs analysed after “CO, feeding showed the 
typical fatty acid profile of MGDG and PC in 16:3 plants with 
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Тане 1 Fa 
and PC after 
In continuous light 


acid composition and distribution of radioactivity in MGDG 
-aballing of leaf discs and Incubation for 1, 24 and 48 h 


Data are means-+$D obtained from three different experiments 16 1, palmitolaic acid, 16 2, 
hexadecadienotc acid, 18 0, steanc acid 


Incubation hme.. 1h 24h 48h 

Lipid Fatty acid mit apm miS % брт mot Ф брт 

MGDG 16:0 342 2541 3431142 341 3+1 
16 1 1+1 242 141 1+1 0+0 14-0 
16 2 4+1 6+1 3+1 7+1 4+1 4+0 
16.3 30-1 4+2 33411841 31+1 30+1 
18:0 1+1 2+2 1+1 142 140 140 
18 1 1412742 1+0 4+1 1+0 2+2 
18 2 8+2 22+1 5+1 18+1 7+2 642 
18°3 54+0 8+1 554+138+2 51+3 50+2 

РС 160 18-1 14+2 194+213+1 18+1 18+1 
18.0 4+1 6+1 4+1 4+1 3+1 3+0 
18 1 3414742 6422142 5+2 1341 
18 2 30+2 19452 31424341 32414742 
18 3 42+2 741 4+1 12461 39+117+2 


little change in the fatty acid composition during the incubation 
periods up to 48 h (Table 1). 

In MGDG 1 h after “CO, labelling, radioactivity was found 
predominantly and almost equally in 16:0 and 18:1 This is 
consistent with the hypothesis that the initial labelling of MGDG 
is through the prokaryotic pathway and that the species formed 
is 18: 1/16.0. Even at 1 h, however, there were significant levels 
of radioactivity in hexadecadienoic acid (16:2), 18:2 and 18:3, 
indicating an initial rapid desaturation phase as described 
previously [15]. After 24 and 48 h, progressively more of the 
radioactivity was converted more slowly by desaturation to 16:2 
and 16:3, and 18:2 and 18:3, until after 48 h the distribution of 
label was similar to the mol% distribution of fatty acids (Table 
1). 
In PC 1 h after labelling, the majority of radioactivity was 
found ш 18:1 and lesser amounts in 16:0, 18:2 and 18:3 (Table 
1) This suggests the synthesis of PC from 18:1(16:0)/18:1 
molecular species and a rapid desaturation of part of the 18:1 to 
18:2and 18.3 [15]. In contrast to MGDG, however, after 24 and 
48 h incubation there 1s only a small increase in label in 18:3 
and the levels of radioactivity are significantly lower than the 
mol% distribution. 


Molecular species of MGDG and PC 


Detailed analyses indicate that in MGDG there are two pre- 
dominant molecular species (18:3/18:3 and 18:3/16:3) formed 
through the eukaryotic and prokaryotic pathways, respectively 
(Figure 1A). Pentaene and tetraene molecular species make up 
the bulk of the remaining molecular species The most highly 
labelled molecular species after “СО, feeding (18:1/16:0; see 
below) 1s found in less than 1% of the total MGDG, suggesting 
a transient role in the biosynthetic pathway. 

The separation of molecular species of PC indicates that there - 
are more major molecular species components (18:3/18:3, 
18:3/18:2, 18:2/18:2, 16:0/18:3 and 16:0/18:2, Figure 1B) 
than in MGDG. The assumed initial product of biosynthesis, 
18:1(16.0)/18:1 molecular species of PC, occurs in very low 
concentration. The major difference between MGDG and PC is 
that 1n PC there is less complete desaturation of the fatty acids 
and a greater array of different molecular species. This 1s also 
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Figure 1 Distribution of molecular species of MQD@ and PC determined 
experimentally by argentation TLC and GLC, and theoretically from the fatty 
atid composition of tbe total lipid samples analysed using a computer 
program to determine the theoretical distribution 


The program assumes the random distribution of the fatty ackis except for 16C on the 52-2 
position of MGDG and 16 0 on the sn-1 position of PC The data are from labelling experiments 
that had bean incubated for different penods up to 6 h after 4C feeding (n = 5, +50) Only 
molecular species that are greater than 1% (either theoretical or expenmental determinations) 
are represented 


consistent with the other major lipids in the cell; the chloroplast 
lipids (MGDG, DGDG and SQDG) show very high levels of 
unsaturation and the non-chloroplastic lipids (PC, phospha- 
tidylethanolamine) show lower, incomplete desaturation (results 
not shown). 

Using a computer program it is possible to calculate the 
theoretical random distribution of molecular species from 
the total fatty acid composition of a DAG, assuming that all C,, 
fatty acids in MGDG are found on the 57-2 position and 16:0 in 
PC is confined to the ѕл-1 position. A comparison of the 
experimentally determined levels of molecular species with these 
theoretical random distributions shows that both MGDG and 
PC have close to random distribution of the fatty acid in 
molecular species (Figure 1). In PC, the 16:0/18:1 and 16.0/ 
stearic acid (18:0) levels appear to be significantly below the 
theoretical levels. This probably results in the levels of other 
molecular species containing 16 00r 18:0(16:0/18:3, 16°0/18:2 


and 18:0/18:2) being higher than the theoretical values. This 
suggests that some factor militates against the biosynthesis or 
stability of molecular species containing 0 or only 1 unsaturated 
bond. 


^C Labelling of fatty acids in molecular species of MGDG 


Because of the almost equal labelling of 18:1 and 16:0 in 
MGDG at early feeding times it 1s assumed that initial synthesis 
occurs by the galactosylation of DAG containing 18:1 on the sn- 
] position and 16:0 on the sn-2 position in the prokaryotic 
pathway. Analyses of the radioactive content of the fatty acids of 
MGDG molecular species after short-term (1 h) feeding confirm 
this (Figure 2A). After 1 h of incubation most of the radioactivity 
was found in the 18:1/16:0 molecular species with almost equal 
levels in each of the two fatty acids. In molecular species in which 
some desaturation had occurred, the levels of radioactivity in 
each of the two fatty acids was almost equal, even in molecular 
species (e.g. 18:3/16:2 and 18:2/16:3) in which unequal de- 
saturation had occurred at the two sm positions. After 24h 
(Figure 2B) and 48 h (results not shown), a similar pattern was 
found except that at these times significant desaturation had 
occurred and most of the radioactivity was now located in the 
more unsaturated species In all cases, however, the levels of 
radioactivity 1n the two fatty acids in each molecular species were 
similar. 

In our view these data are completely consistent with the 
hypothesis that: (1) the majority of MGDG is synthesized through 
the prokaryotic pathway from 18:1/16:0 DAG, (ii) the fatty 
acids are desaturated in situ on MGDG to 18:3/16:3, and (ш) 
there is little or no exchange of fatty acid between molecular 


species 


VC Labelling of fatty acids In molecular species of PC 


It has long been accepted that fatty acids in PC are desaturated 
in situ after the initial synthesis of PC from 18.1/18:1 and 
16:0/18:1 DAG [1]. If this is the case a similar labelling pattern 
to that found in MGDG would be expected in PC. In other 
words, if PC is formed from 18:1/18:1 and 16:0/18:1 molecular 
species, these are the molecular species where most of the initial 
radioactivity would be located and the two fatty acids of all 
molecular species after subsequent desaturation would be simi- 
larly labelled, as shown in MGDG above. 

The analyses of PC molecular species (Figure 3) show the 
opposite results to those found in MGDG and are, therefore, not 
consistent with the hypothesis that PC is formed from 18:1/18.1 
and 16:0/18:1 molecular species of DAG. Most of the radio- 
activity was located in 18:1 1 h after “C labelling (Table 1); 
however, the radioactive 18:1 was not confined to 18:1/18:1 but 
distributed between the molecular species containing 18:1 
(18:1/18:1, 18:1/18:2, 18:1/18:3, Figure 3A). Furthermore, in 
heterogeneous molecular species the accompanying fatty acids 
(18:2, 18:3) contain significantly less radioactivity and, therefore, 
could not be formed by desaturation of 18:1 during incubation 
after !*C feeding. Similarly, the label found in 16:0 in the 
16:0/18:3 molecular species is higher than in 18:3, and the label 
in 18:2 1s higher than 18:3 in the 18:2/18:3 molecular species. 

After 24 h of incubation, the 18:1 has been largely desaturated 
to 18:2 (Table 1). In molecular species that contain 18:1 the 
radioactive labelling pattern is similar to that found at 1 h except 
that the levels of radioactivity in 18:2 and 18:3 are higher 
(Figure ЗВ). In other molecular species containing 18:2 (par- 
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Figure 2 Fatty acid content and radioactivity of fatty acids from argentation TLC bands of prokaryotic molecular species of MGDG after “C labelling and 


incubation for (A) 1 and (B) 24h 


Only the maior molecular species and fatty acids are presented in each band. Data are from one experiment that is typical of at least three experiments conducted at the same incubation times, 


ticularly 18:2/18:3, 16:0/18:2), the higher levels of radioactivity 
in 18:2 also result in uneven labelling of the two fatty acids. 
Molecular species containing significant levels of radioactivity in 
15:3 follow the same pattern of different levels of radioactivity 
in the two fatty acids. These data suggest that the fatty acids are 
continuously exchanged between all molecular species of PC and 
the acyl-CoA pool immediately after feeding and during longer 
periods of incubation. We believe this indicates that fatty acids in 
PC and the acyl-CoA precursor pools are in continuous flux. 


Specific radioactivity of fatty acids in PC 


The high levels of radioactive 18:1 found in PC immediately 
following feeding in association with more unsaturated fatty acid 
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can only be interpreted as due to the exchange of newly formed 
fatty acid in the acyl-CoA pool with existing fatty acid in PC and 
not solely due to synthesis of new PC. If the fatty acids are 
exchanged continuously between PC and the acyl-CoA pool it 
would be expected that each fatty acid, irrespective of the 
molecular species to which it is esterified, would have the same or 
similar specific radioactivity. Calculations of specific radioactivity 
of these fatty acids from each molecular species (Table 2) indicate 
that the specific radioactivity of each fatty acid, while differing 
from other fatty acids, is similar regardless of the molecular 
species in which it is located. In contrast, in MGDG each fatty 
acid has a different specific radioactivity depending on the 
molecular species with which it is associated ([16], and results not 
shown). 
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Figure 3 Fatty acid content and radioactivity of fatty acids from the major 
molecular species and fatty acids from argentation TLC bands of PC after 
^C labelling and Incubation for (А) 1 and (B) 24 b 


Data were obtained from the same experiments as in Figure 1 and are typical of at least three 
separate similar experiments 


Clearly the specific radioactivity of each fatty acid in PC varies 
with time. The specific radioactivity in 18:1 decreases with time 
while the specific radioactivities of 18:2 and 18:3 gradually 
increase. The fact that after 24 and 48 h of incubation the specific 
radioactivity of each fatty acid remains similar in different 
molecular species while changing with time is indicative of 
continued exchange between PC and the acyl-CoA pool. 


DISCUSSION 


In many ?"*C-labelling experiments in vivo it has generally been 
assumed that '*C incorporated into the fatty acids of PC and 
other lipids from “CO, or ['*C]acetate occurs solely as the result 
of new synthesis of these lipids [1]. It has also been assumed that 
the first products of PC synthesis are molecular species containing 
predominantly 16:0 and 18:1, and that 18:1 is subsequently 
desaturated to form molecular species containing high levels of 
18:2 and 18:3. 

From the data presented here on B. napus leaves we can make 
two clear observations that are not consistent with the above 
assumptions. First, after “СО, feeding the radioactivity of the 


Table 2 Specific radioactivity of fatty acids from the major molecatar 
species of PC from B. napus leaves after “C labelling and Incubation for 
0, 1 and 24h 


Molecular species were separated as bands by argentation TLC and the data for the major fatty 
acids in each band are presented The data are from one expenment that ts typical of at least 
three axpenmants at each time 


Specilic radioactivity of 
fatty acids (d p m /nmol) 
incubahon ime Валі 160 180 181 18:2 183 Mayr molecular species 
Oh 1 04 18 3/8 3 
2 3 1 3182/83 
3 273 2 181/183 
4 39 106 10 1 16 0/18 3, 18 0/18 3, 
18.2/18 2 
5 248 8 18 1/18 2 
6 33 105 207 t 16 0/18 2, 18 0/18 2, 
18 1/18 1 
1h 1 1 18:3/18.3 
2 56 2 18 2/18.3 
3 1893 5 181/18 3 
4 96 178 55 2 16 0/18 3, 18:0/18 3, 
18 2/18.2 
5 1720 62 18 1/18 2 
6 100 230 1618 62 16.0/18 2, 18.0/18 2, 
18 1/18 1 
24h 1 69 18 3/18 3 
2 916 71 182/18 3 
3 1510 126 18.1783 
4 362 357 9/5 94  16.0/18 3, 18.0/18.3, 
18:2/18°2 
5 1253 576 18 1/18 2 


co» 


413 289 1137 514 16 0/18°2, 18 0/18 2, 


18 1/181 





two fatty acids on most molecular species of PC have different 
levels of radioactivity. This can only be the result of the mixing 
in PC of newly synthesized (radioactive) and existing (non- 
radioactive) fatty acids by deacylation/reacylation of the lipid 
molecule This must be a continuous process as this random 
mixing is also shown in the higher unsaturated species at later 
incubation times Secondly, the specific radioactivities of each 
fatty acid 1n different molecular species of PC are similar. This 
would suggest that all, or a very significant part, of the PC in the 
cell 1s involved in this process and that PC may be acting as a 
large pool of substrate for desaturation and a source of un- 
saturated fatty acid for the acyl-CoA pool. Although PC is found 
in most cell membranes outside the chloroplast, it is generally 
believed that biosynthesis and desaturation occur in the en- 
doplasmic reticulum. However, our data suggest that the cytosolic 
acyl-CoA pool may exchange fatty acids with PC in many of 
these membranes. 

Our hypothesis and the two different strategies of desaturation 
in the non-chloroplastic PC and chloroplastic MGDG of B. 
napus are outlined in Scheme 1. In the chloroplast, fatty acids are 
desaturated in a pool of MGDG predominantly in the envelope. 
MGDG is synthesized in the prokaryotic pathway from a small 
metabolic pool of MGDG molecular species containing 18:1/ 
16:0 that represents less than 1% of the total MGDG (Figure 
2A and Table 1). The small size of this pool results in the rapid 
desaturation and the subsequent transfer of the highly un- 
saturated molecular species to the thylakoid membranes forming 
the bulk MGDG pool. In our hypothesis the entire pool of PC, 
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Scheme 1  Qutiine of the pathways of blosynthesis and desaturation of fatty acids in PC and the chloroplast lipids in B. napus, a 16:3 plant 


The scheme illustrates the different strategies used in the non-chloroplastic compartments and chloroplast to rarse and control the level of unsaturation in lipids in 18 З and 18'4 plants the 
prokaryotic pathway does not participate in the synthesis of MGDG, 0606 and SQDG The major fatty acid components are indicated in each pool LPA/PA, tyso-phosphabdic acid/phesphatdie 
acid G3P, glycerol 3-phosphate, PS, phosphatidylsenna, РІ, phosphatidylinositol; PE, phosphabdylethanolamine, FAS, fatty acid synthase, ACP, acyl carrier protein 


not just a small metabolic pool, is involved in the desaturation 
process. Through acyl exchange between PC and the acyl-CoA 
pool, the DAG subsequently formed from the acyl-CoA pool 1s 
maintained in a highly unsaturated state. From this pool of 
DAG, the other glycerolipids 1n the cell may be synthesized. The 
levels of unsaturation and rates of desaturation of fatty acid 
would not be tied to the rates of synthesis and degradation of PC, 
nor would there be a need for a separate pool of PC undergoing 
desaturation. 

Previous reports using studies ın vitro of developing soya bean 
cotyledons [17], safflower seeds [18,19], and sunflower seeds [7] 
have shown some exchange of fatty acids on the 57-2 position of 
PC with the acyl-CoA pool. In leaves, we believe this is a more 
extensive process than proposed for seeds, involving nearly all of 
the PC in the cell and resulting in the synthesis of highly 
unsaturated DAG. This DAG may be similar in fatty acid 
composition to the PC in the cell rather than containing just 
saturated (16:0) and monounsaturated (18:1) fatty acid. We 
have recently obtained support for the idea that the DAG 
precursor of PC 1s highly unsaturated from experiments using 
38р labelling in B. napus (16:3 plant) leaves [20], and Vicia faba 
(18:3 plant) and Borago officinalis (18:4 plant) leaves (J. P. 
Williams, M. U. Khan, J. М. Hodson and К. M. Hong, un- 
published work). These data all show that PC 1s synthesized from 
highly unsaturated molecular species of DAG similar to the fatty 
acid composition of the bulk PC in all three types of plant. 

In our experiments the apparent rate of desaturation of 18:2 
to 18:3 measured by the rate of transfer of “С is slow (Table 1) 
and is not compatible with the rapid rates of incorporation of 
“C into PC The slow incorporation of !*C into 18:3 may be 
an indication that most of the PC, which is usually high ш 18:2, 
is the substrate for desaturation Hence the slow rate of in- 
corporation of radioactivity into 18:3 may be due mainly to the 
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large size and low specific radioactivity of the PC 18:2 pool and 
not due to slow desaturation. 

Our hypothesis raises the question of whether the PC is the 
direct precursor of chloroplast lipids. A pathway from PC to 
chloroplast lipids, or TAG in seeds, involving a reversal of the 
CDP-choline: DAG-phosphotransferase has been used to explain 
how unsaturated fatty acids could be transferred from PC [1,17] 
in the event that newly synthesized DAG contains saturated and 
monounsaturated fatty acid. However, if the DAG in the non- 
chloroplastic compartments is largely composed of unsaturated 
fatty acid, as we have shown, it is unnecessary for PC to be an 
intermediate. The chloroplast lipids could be synthesized directly 
from the DAG pool that contains levels of unsaturated fatty acid 
generated by, and similar to those in, PC. 

Our hypothesis could also explain the slow transfer of “С 
fatty acid from PC to MGDG even in developing leaf cells [2,3]. 
The exchange of radioactivity between PC and other glycerolipids 
through DAG is dependent not only on the rate of transfer of 
fatty acid but also the specific radioactivity and the pool size 
of the PC from which it originates. If the entire PC in the cell 
is involved in acyl exchange with the acyl-CoA pool, it would 
represent a large pool of lipid with a relatively low specific 
radioactivity. Consequently any fatty acid that is transferred 
from PC would represent only a small part of the total pool and 
would be low in total radioactivity. This would result in the slow 
transfer of radioactivity to the acyl-CoA pool and to DAG 
despite a fairly rapid transfer of fatty acid. 

Recently Mongrand et al. [9] have also challenged the generally 
accepted hypothesis, suggesting that lysophosphatidylcholine 
(lyso-PC) instead of PC may be transferred to the chloroplast for 
MGDG and DGDG synthesis. Their hypothesis 1s partially 
based on the differential labelling of the fatty acids on the two sn 
positions of PC after “C-labelling [9] and the demonstration of 
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an active acyl-CoA : lyso-PC acyl transferase [21] in leaves of leek 
seedlings. Stymne et al. [4] and Stobart et al. [6] also showed 
differential turnover or exchange of fatty acid from acyl-CoA 
with the sn-2 position of PC in microsomes from developing 
safflower seeds. Analyses of molecular species of PC from potato 
microsomes [19] and sunflower seeds [7] showed similar uneven 
incorporation of label in vitro after feeding with [!*C]oleoyl-CoA. 
Roughan et al. [22], however, showed more even labelling of the 
two sn positions of PC in spinach leaves and similar rates of 
desaturation on both sm positions after incorporation of ex- 
ogenous ['*C]oleic acid. We have shown that in B. napus leaves 
fed “СО, that the fatty acids on both sn positions of PC are 
labelled and undergo approximately equal apparent rates of 
desaturation (J. P. Willams and D. Wong, unpublished work). It 
is possible in our model that the exchange of fatty acid between 
PC and the acyl-CoA pool occurs unevenly on the two sn 
positions of PC> The presence of significant levels of 16:0 
esterified to the sz-1 position must also be taken into account, as 
this would reduce the apparent level of desaturation on the sn-1 
position. The relative labelling of fatty acids on the two positions 
would be determined by both the desaturation rates and the 
deacylation/reacylation rates for each sm position. These rates 
may vary between plant species, different organs and under 
different physiological and environmental conditions. Active 
lyso-PC: acyl transferase as reported by Bessoule et al. [21] and 
Triki et al. [7] would be an important feature of our hypothesis. 

Concerning the glycerol/fatty acid labelling, Mongrand et al. 
[9], Slack et al. [23] and Williams et al. [3] have shown that a 
decrease in the labelling of glycerol and fatty acid in PC is 
accompanied by an increase in labelling of these moieties in 
MGDG. However, accurate relative labelling patterns of fatty 
acids and glycerol are difficult to determine and may be inter- 
preted in different ways (see [9]). In fact, a re-examination of our 
data [3] in light of the recent findings suggest that the similar 
increase in “C labelling of glycerol and fatty acid in MGDG 
occurs only at early incubation times. At longer incubation times 
the increase in fatty acid labelling is not matched by an increase 
in glycerol labelling. A free exchange of fatty acid in PC with the 
acyl-CoA pool would mean that the glycerol and fatty acid are 
not continuously esterified in PC. If the glycerol and fatty acid 
are transferred to the chloroplast as DAG, the relative labelling of 
the two moieties would be a reflection of the different kinetics 
of glycerol and fatty acid metabolism in PC and DAG. 

Our hypothesis is that at all times and under changing 
environmental conditions there would be a constant supply of 
unsaturated DAG species for lipid biosynthesis. Changes in 
environmental conditions would influence the fatty acid com- 
position of these pools but would not suddenly increase or 
decrease the supply of unsaturated DAG. The control over the 
levels of unsaturated fatty acids may, therefore, be buffered from 
major changes 1n temperature and other environmental factors. 
In MGDG a buffering effect is also present, as the bulk of the 
lipid in the thylakoid is not immediately affected by environ- 
mental change. In both of these systems rapid changes in rates of 
desaturation are slowly reflected in changes 1n fatty acid com- 
position of the lipids, thus mitigating rapid changes in un- 
saturation due to environmental factors. 
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The short prodomain influences caspase-3 activation in HeLa cells 
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Proteolytic activation of caspases is a key step in the process of 
apoptosis. According to their primary structure, caspases can be 
divided into a group with a long prodomain and a group with a 
short prodomain. Whereas long prodomains play a role in 
autocatalytic processing, little is known about the function of the 
Short prodomain, for example the prodomain of caspase-3. We 
constructed caspase-3 variants lacking the prodomain and over- 
expressed these ın HeLa and yeast cells. We found that removal 
of the caspase-3 prodomain resulted in spontaneous proteolytic 
activation of the protein when expressed in HeLa cells. This 


processing was only partially autocatalytic, as demonstrated by 
a catalytically inactive caspase-3 mutant. Co-expression of the 
anti-apoptotic protein XIAP (X-chromosome-linked inhibitor of 
apoptosis protein) completely blocked the observed spontaneous 
activation, which excluded a direct involvement of caspase-8 

Our findings indicate that the short prodomain of caspase-3 
serves as a silencing component ın mammalian cells by retaining 
this executioner caspase in an inactive state. 


Keywords: apoptosis, TNFa, XIAP. 





INTRODUCTION 


Apoptosis 1s a process of controlled cell death that plays an 
important role in tissue homoeostasis of multicellular organisms. 
Over the last few years, it has become evident that the proteolytic 
activation of certain cysteine proteases, collectively called 
caspases [1], 18 a pivotal step in the apoptotic process in almost 
all cell types examined. Caspases-1, -4, -5 and -11 seem to 
function primarily in the processing of inflammatory cytokines, 
but the other ten known caspase species are involved in the 
execution of cell death in response to apoptotic stimuli. Caspases 
have a strict requirement for cleavage of Asp—Xaa bonds at the 
P, position. The substrate specificity of the individual caspases 1s 
determined mainly by the sequence of the three amino acids 
preceeding the P, position, with P, being the most critical [2,3]. 

Caspases are synthesized as single-chain inactive zymogens 
with an N-terminal prodomain plus a large and a small catalytic 
subunit [4,5]. Activation of the zymogens is achieved through 
proteolytic cleavage at sites identical with the caspase-recognition 
motifs, generating the active heterodimeric enzyme. This suggests 
that caspases can process themselves or other caspase zymogens, 
most likely in an ordered cascade [6]. This mechanism may serve 
to amplify the apoptotic signal. Depending on their attributed 
functions within the apoptosis-related caspase cascade, these 
enzymes can be subdivided into a group of initiator caspases 
(including caspase-2, -8, -9 and -10), and a group of executioner 
caspases (including caspase-3, -6 and -7). The initiator group is 
mainly activated by an autocatalytic mechanism after a 
prodomain-mediated dimerization of the proenzymes, which is 
initiated by apoptotic stimuli. In the case of caspase-8 processing 
after engagement of the tumour necrosis factor-a (TNFa) 
receptor 1 or CD95 cell-death receptors, the procaspase 1s 
recruited to the cytosolic region of the receptor by association 
with the adaptor molecules Fas-associated death-domain pro- 
tein (FADD)/TNFa-receptor-1-associated death-domain protein 
. (TRADD) through homotypic interaction of their respective 
death-effector domains [7,8] This aggregation is considered 
sufficient for procaspase-8 activation [9-11]. A different acti- 


vation mechanism has been described for activation of caspase- 
9. Here, the ATP/cytochrome-c-dependent interaction of the 
caspase prodomain and the respective domain of the apoptotic- 
protease-activating factor 1 (Apaf-1) protein (CARD-CARD 
interaction; where CARD is caspase-recruitment domain) places 
the catalytic site of the caspase in close proximity to its internal 
cleavage site, resulting in an autocatalytic activation [12,13]. The 
executioner caspases act mainly downstream in the caspase 
pathway and they are activated, at least in part, by initiator 
caspases. In the execution phase, the activation of caspase-3 
represents one of the key points in the transmission of the 
apoptotic signal because (1) caspase-3 cleavage activity results in 
a variety of morphological and biochemical features of apoptosis 
[14—16], (i1) caspase-3 seems to be able to cleave other executioner 
caspases, and (iii) so further amplifies the response to an apoptotic 
stimulus [17]. Furthermore, the central role of caspase-3 was 
underlined by the observation that the activated caspase-3 also 
cleaves the initiator caspases-9 and -2 [17], indicating its role as 
an amplifier in a positive-feedback loop. 

Two different pathways have been described for the proteolytic 
activation of caspase-3: first, a direct caspase-8-mediated cleav- 
age [18], and second, activation by caspase-9-dependent cleavage 
involving a cytochrome-c/Apaf-1-mediated oligomerization of 
the initiator caspase [13,19,20]. The pathway preferentially used 
in receptor-mediated apoptosis depends on the amount of active 
caspase-8 [21]. The mature caspase-3 is generated from a 32-kDa 
zymogen by a sequential two-step mechanism. The initial cut 
occurs at an IETD/S cleavage site producing the small p12 
subunit and a p20 peptide. p20 is further processed at an 
ESMD/S site in what is most likely an autocatalytic process, 
whereby the prodomain is removed, resulting 1n the generation 
of the mature large р17 subunit [22]. The active enzyme is 
composed of two heterodimers of the generated p12 and p17 
subunits [23]. 

In contrast with the initiator caspases, the executioner caspase 
zymogens contain short prodomains. Whereas the long pro- 
domains of the initiator caspases have been ascribed an important 
role during the autocatalytic processing, the short prodomain 


Abbreviations used TNFa, tumour necrosis factor-~, CARD, caspase-recruitment domain, FADD, Fas-associated death-domain protein, Apaf-1, 
apoptotic-protease-activating factor 1, afc, 7-amino-4-trifluoromethylcoumann, XIAP, X-chromosome-IInked inhibitor of apoptosis protein, GFP, green 
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of caspase-3 was found to have no influence on the enzymic 
activity when expressed recombinantly in bacteria or in experi- 
ments in vitro using cytosolic extracts [18]. Extending these 
experiments, we focused our studies on the function of the short 
prodomain of this executioner caspase in the natural cellular 
environment We generated different caspase-3 expression 
plasmids, including truncated constructs lacking the prodomain, 
and expressed these in HeLa cells. Our data suggest that the 
prodomain suppresses the spontaneous activation of the inactive 
zymogen in mammalian cells. 


EXPERIMENTAL 
Cell culture and transfection 


HeLa Tet-Off cells were obtained from Life Technologies and 
cultured in minimal essential medium at 37 °С with 10% fetal 
calf serum in the presence of 5% CO,. The cells were grown to 
a maximum density of 1.3x 10° cells/cm? Subsequently they 
were rinsed with PBS and treated with trypsin/EDTA (0.05% 
trypsin/0.02 95 EDTA in PBS) for 5 min at 37 °C. Transfection 
experiments were performed as described previously [24] Briefly, 
HeLa cells were seeded at a density of 2 x 10* cells/cm? into a 
3.5-cm cell-culture dish 20 h prior to transfection Transfection 
of cells was carried out by the lipofection method using SuperFect 
reagent (Qiagen). For preparation of the transfection mixture for 
one dish, 2 ug of the respective plasmids was diluted with serum- 
free cell-culture medium to a total volume of 100 ul and mixed 
with 5 ul of SuperFect reagent. The transfection mixture was 
incubated at room temperature for 15 min and subsequently 
supplemented with 600 д1 of cell-culture medium (minimal es- 
sential medium) containing 10% fetal calf serum. After washing 
the cells with PBS, 700 yl of the transfection mixture was added 
to the cells. Following 2—3 h of incubation, transfection medium 
' was replaced by washing with PBS and adding fresh cell-culture 
medium. 

For tetracycline-regulated expression experiments, the anti- 
biotic was added directly at the start of transfection using various 
concentrations as described below. After transfection, the cells 
were cultured for 16 h before further treatment. For apoptosis 
induction, cycloheximide was added (100 uM final concentration) 
15 min prior to supplementation of the culture medium with 
recombinant murine TNFa. (100 ng/ml final concentration). The 
cells were exposed to this mixture for 3.5 h. Before harvesting, 
the cell-culture plates were centrifuged at 900 g for 5 min, washed 
with ice-cold PBS and centrifuged again. 

Cells were harvested by adding 75 ul of hypotonic lysis buffer 
(25 mM Hepes, pH 7.5, 5mM MgCL, 1 mM EGTA, 1 mM 
Pefablock and pepstatin, leupeptin and aprotinin, 1 ug/ml each) 
and scraping with a rubber policeman. Cellular extracts were 
prepared by freezing the cells in liquid nitrogen and thawing 
rapidly at 37 °C (three cycles) followed by a centrifugation step 
(20000 g, 5 min). 

To determine the nuclear manifestation of apoptosis, cells 
were stained with Hoechst 33342 (10 ug/ml in PBS) The nuclear 
morphology was analysed using a fluorescence microscope. 


SDS/PAGE and Immunoblotting 


For Western blotting, cell extracts (60 ug total protein) were 
separated on a 4-20 % polyacrylamide gel and transferred on to 
a nitrocellulose membrane (Schleicher and Schuell) After 
blocking for 1 h at room temperature (5 % skimmed milk in Tris- 
buffered saline containing 0.1 95 Tween 20), the membrane was 
incubated overnight (4 °C) with a rabbit anti-caspase-3 antibody 
(H277, Santa Cruz) at a 1:1000 dilution in blocking buffer 
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followed by a horseradish-peroxidase-coupled secondary anti- 
body (Jackson Immuno Research) at a 1:20000 dilution for 
45 min at room temperature. The blot was washed with Tris- 
buffered saline containing 0 1 % Tween 20 for 3x 10 min after 
each incubation. The immunoreactive proteins were visualized 
with the ECL? kit (Amersham Pharmacia Biotech). To confirm 
equal loading, the protein concentration was determined with the 
bicinchoninic acid assay (BCA, Pierce). 


Measurement of caspase-3-Ilke activity and luciferase activity 


The fluorimetric DEVD-afc (7-amino-4-trifluoromethylcou- 
marin) cleavage assay was carried out in mucrotitre plates 
according to the method described by Thornberry [25] with 
following modifications: 5 д1 of cytosolic extracts was diluted 
1:20 with substrate buffer [55 «М fluorogenic substrate DEVD- 
afc (Biomol) ш 50 mM Hepes, pH 7.4/1% sucrose/0.1 95 
CHAPS/10 mM dithiothreitol]. Blanks contained 5 wl of ex- 
traction buffer and 95 zl of substrate buffer. Generation of free 
afc at 37°C was determined by fluorescence measurement at 
t = 0/t = 30 min using the multilabel plate reader Victor II 
(Wallac) set at an excitation wavelength of 390 nm and an 
emission wavelength of 510 nm. Control experiments confirmed 
that the activity was linear with time and with protein concen- 
tration under the conditions described above. 

The amount of recombinant expressed caspase-3 in HeLa Tet- 
Off cells was estimated measuring the activity of the co-expressed 
luciferase as described previously [24]. 


Construction of expression vectors 


For the isolation of the human caspase-3 cDNA and cDNA of 
the anti-apoptotic protein XIAP (X-chromosome-linked inhibi- 
tor of apoptosis protein), total RNA was extracted from HepG2 
cells (caspase-3) or Jurkat cells (XIAP) with the RNeasy kit from 
Qiagen. The cDNA was synthesized in an oligo(dT)-primed 
reaction with MuLV reverse transcriptase (Perkin Elmer) and 
amplified specifically by PCR using Pfu polymerase (Stratagene). 
The following primers were used: caspase-3 forward primer, 
5’-CCCAGGCCGTGAGGAGTTAGC-3’; caspase-3 reverse 
primer, 5’-CAGCATCACTGTAACTTGCTAATC-3’. Isolation 
of XIAP cDNA was performed using primers specified by 
Deveraux et al. [26]. The caspase-3 amplification product was 
cleaved subsequently at BanII/PstI sites and cloned into the 
respective sites of a pUC19 vector. This construct served as a 
template for the following PCRs. Expression plasmids containing 
(1) or lacking (ii) the caspase-3 prodomain were generated by 
PCR using the forward primer (i) 5-GACGATATCATGGA- 
GAACACTGAAAACTCA-3' and forward primer (ii) 5’-GTC- 
GATATCATGTCTGGAATATCCCTGGAC-3’ (EcoRV sites 
are indicated by italics, translation start codons are underlined) 
and the reverse-sequencing primer (Pharmacia). Subsequently, 
the obtained fragments were cloned into the EcoRV site of the 
pBI-luc tetracycline-dependent expression plasmid (Clontech). 
The XIAP PCR product was first inserted into the EcoRI/Xhol 
sites of the BlueScript KS П vector and then subcloned for 
expression as a preen-fluorescent-protein (GFP)-fusion protein 
into the pEGFP-C1 vector (Clontech) using the Bgill/ Kpnl . 
restriction sites. 

For mutation of the caspase-3 catalytic site (substitution of 
Cys with Ser), the respective expression construct was subjected 
to site-directed mutagenesis using the QuikChange Site-Directed 
Mutagenesis kit (Stratagene) according to the manufacturer's 
instructions. The exact nucleotide sequences of the cDNA 
fragments were determined by automated DNA sequencing. 
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RESULTS 


In contrast with large prodomain initiator caspases, which are 
prone to autoactivation, caspase-3 is only a poor inducer of cell 
death when overexpressed as native protein in mammalian cells 
[2729]. These observations suggest that the premature zymogen 
is not activated by autocatalytic cleavage. To study a possible 
contribution of the short caspase-3 prodomain to the suppression 
of proteolytic activation, we expressed caspase-3 variants with or 
without the prodomain in HeLa cells. The peptide sequence of 
the construct missing the prodomain started with a Met (resulting 
from the ATG start codon), directly followed by a Ser, the first 
amino acid of the native large subunit. By using the Tet-Off 
tetracycline-regulated expression system and vectors that sim- 
ultaneously co-express the luciferase reporter protein, we varied 
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Figure 1 Expression of caspase-3 without prodomain results in spon- 
taneous proteolytic activation 


Hela celis were transfected wilh various caspase-3 constructs, or with a control vector. For 
induction of apoptosis, cells were treated for 3 h with 100 ng of TNFa/mi in the presence ot 
100 uM cycioheximide (СНХ). After transfection (20 h). cytosolic extracts were prepared by 
freeze-thawing. (А) For the measurement of caspase-3-like activity, 5 jd of cytosolic extract 
was incubated for 30 min at 37 °C with 50 uM DEVD-alc in 95 jid of assay Duffer. Increase 
in fluorescence intensity by alc release was measured at 510 nm. Measurements were 
performed in triplicate, values are an average of three experiments, and error bars indicate 
S.E.M. (Bi Proteolytic processing of caspase-3 constructs was analysed by immunoblotting with 
an antibody Grected against the p17 subunit of caspase-3. Expression of the full-length 
construct resulted in one band (p32) representing the full-length caspase (lane 1, reading from 
the left}, Three bands were visible when the construct lacking the prodomain was expressed 
{lane 2); the band at 17 kDa (p17) represents the mature large subunit, whereas the 29-kDa 
band (p29) shows the unprocessed recombinant protein, The band at 32 kDa represents the 
endogenous caspase-3 zymogen. After TNFa treatment, full-length caspase-3 was processed 
to the mature enzyme as indicated by the p17 subunit. An additional fragment, marginally 
smaller than the full-length protein, represents a partial cleavage at the Asp-9 site in the 
prodomain, whereas a fragment consisting of the small and the large subunit without 
the prodomain did not appear (lane 3). Molecular masses are depicted to the right of (B). 
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Figure 2 Effect of the prodomain is independent of expression level 


HeLa ceils were transfected with caspase-3 expression constructs (with or without prodomain? 
i a bidirectional рві- Tet vector which allows regulated expression by tetracycline 
supplementation. Tetracycline (Tc) at the concentrations indicated (0—25 ng/ml in А 0—10 ng/ml 
in B) was added immediately after transfection. (А) Caspase 3 activity was measured in 
cytosolic extracts from transfected celis by DEVD-alc cleavage 20h after transfection. 
Additionally, luciferase activity was measured as described in the Experimental section, Data 
represent means -- S.D. (7 = 2), (B) Caspase-3 Western blot was used to demonstrate fhe 
expression level of the two caspase constructs and the associaled spontaneous proteolylic 


processing. Equal amounts of cytosolic protein (30 pg) were loaded into each jane. Note that 


tor the construct without prodomain (right hal, the band at 32 kDa represents the endogenous 
caspase-3 zymogen. 





the amount of the expressed protein and were able to monitor 
and normalize the expression levels between different trans- 
fections. 

As shown m Figure ҚА), а DEVD-afe cleavage activity, which 
was markedly higher compared with cells transfected with the 
control vector, was measured in caspase-3-transfected cells 20 h 
post-transfection. This demonstrates that the specific caspase-3 
constructs were activated spontaneously. Furthermore, the con- 
struct lacking the prodomain showed a higher caspase activity 
(= 7-fold) compared with its native counterpart. Although the 
activation level of full-length caspase-3 is much lower compared 
with the protein without prodomain, the spontaneous activation 
is not completely blocked. Interestingly. whereas TNFa treat- 
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Figure 3 XIAP co-expression completely and catalytic-site mutation partially inhibit spontaneous caspase-3 activation 


А caspase-3 construct without prodomain [Casp-3 ( — pro] and a catalytically inactive, mutated variant [Cys-163 changed to Ser, without prodomain, Casp-3 ( — pro)mutCys 63)] were transiently 
transfected in HeLa cells and co-expressed with XIAP as an enhanced-GFP-fusion protein. Caspase-3 activity was measured by DEVD-afc cleavage in medium alone or 3 h after apoptosis induction 
with TNF (100 ng/ml) and cycloheximide (CHX, 100 aM). Note that the caspase-3 Western blotting (ower panel) reveals partial processing of the mutated caspase-3 without apoptotic stimulation 
(lane 2, reading from the let). Data of the DEVD-afc cleavage assay are shown as means + S.E.M. from three independent experiments. 


ment causes apoptosis in about 70%, of the vector-transfected 
control cells, the DEVD-afc cleaving activity was similar to (with 
prodomain) or much lower than (without prodomain) that in 
untreated transfected cells. Despite the high DEVD-afe cleaving 
activity, only about 15%, the caspase-transfected cells (deter- 
mined by enhanced-GFP co-transfection) showed typical signs 
of apoptosis-like membrane blebbing or chromatin condensation 
(results not shown). When the transfected cells were exposed to 
TNFa/cycloheximide treatment (100 ng of TNFa/mil, 100 М 
cycloheximide) for 3.5 h, the activity of both caspase-3 variants 
was markedly increased (Figure ТА). Although the activity of 
constructs lacking the prodomain was about 2.5 times stronger 
after TNFa treatment, the TNFa-induced relative activity shift 
in cells transfected with the full-length caspase was much higher 
(= 14-fold). Western-blot analysis of the two constructs with an 
antibody raised against the p17 subunit of caspase-3 confirmed 
that the prodomain-free enzyme was activated spontaneously in 
the transfected cells (Figure 1B). 

To examine the effect of different expression levels on the 
spontaneous activation. of the caspase-3 variants, we varied 
the amount of expressed protein in HeLa Tet-Off cells with 
different concentrations of tetracycline in. the cell-culture 
medium. As shown in Figure 2, we observed a suppressive effect 
of the prodomain independent of the expression level of the 
recombinant caspases, At all expression levels examined (norm- 
alized to luciferase activity), the construct lacking the prodomain 
displayed much higher activity (6-8-fold). The largest difference 
was observed at a low expression level (2.5 ng of tetracycline/ml). 
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The prodomain-dependent differences in the spontaneous acti- 
vation at various expression levels were also confirmed by 
Western blot (Figure 2B). These data indicate a pivotal role of ~ 
the prodomain in preventing caspase-3 activation in unstimulated | 
cells. 

To further investigate the mechanisms mediating the activation 
of the truncated caspase-3, we studied the effect of simultaneous 
overexpression of the caspase-3 (without prodomain) and XIAP 
in HeLa cells. XIAP is known to be a direct and specific inhibitor 
of active caspase-3. Furthermore, it also suppresses the caspase- 
9-dependent activation of the caspase-3 proenzyme [30]. As 
shown in Figure 3, the spontaneous activity of the truncated 
caspase-3, which was observed when the caspase was transfected 
alone, was stronglv suppressed by co-expression of XIAP (Figure 
3. lane 3 versus lane |, reading from the left), indicating that this 
inhibitor can interrupt spontaneous maturation of the enzyme at 
the cleavage site between the large and small subunits. 
Interestingly, mutation of the catalytic site of the truncated 
caspase-3 by replacing Cys-163 with a Ser only partially inhibited 
the spontaneous cleavage of the subunits (Figure 3, lane 2). 
Although no significant caspase activity resulted from transient | 
transfection of this mutated caspase construct, the Western-blot 
analysis demonstrated clearly a conversion of the zymogen into 
the pl7 peptide, which was blocked by XIAP co-expression 
(Figure 3. lane 4). In addition, these data demonstrate that an 
intact catalvtic site in the recombinant caspase is required for the 
observed increase in DEVD-afc cleaving activity in transfected 
cells. The extent of caspase-3 processing was increased after 
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induction of receptor-mediated apoptosis by post-transfectional 
treatment with TNFa/cycloheximide (Figure 3, lanes 5-8). 
The differences between the prodomain-free native form and the 
~ inactive Cys-163 mutated form were still evident, re. the ac- 
tivation rate of the native form was higher (Figure 3, lane 5 
versus lane 6). Furthermore, in TNF-treated cells, caspase-3 was 
processed partially in spite of XIAP overexpression (Figure 3, 
lanes 7 and 8). However, the amount of mature p17 and the 
measured caspase-3 activity in cells co-transfected with XIAP 
were notably lower compared with cells only overexpressing the 
caspase (Figure 3, lane 7 versus lane 5 and lane 8 versus lane 6). 
In addition, when XIAP was overexpressed, no significant 
differences in the proteolytic processing of the native and the 
mutated caspase-3 forms were observed in the Western blot 
(Figure 3, lanes 7 and 8). Complete suppression of the spon- 
taneous activation of caspase-3 was achieved by adding the 
peptide inhibitor DEVD-fmk (fluoromethylketone; results not 
shown). In summary, these data suggest that caspase-3 constructs 
lacking the prodomain are activated in cells without apoptotic 
. Stimulation by at least two XIAP-inhibitable caspase-dependent 
^ mechanisms: (1) by autocatalytic processing and (ii) by a second 
process that still occurs when caspase-3 is inactivated by mu- 
tation. This second process may be mediated by a low caspase 
activity that is most probably related to a caspase with a small 
zymogenicity ratio, for example caspase-9 [31]. The XIAP- 
mediated inhibition of the truncated caspase-3 activation makes 
a direct participation of caspase-8 unlikely, as caspase-8-mediated 
cleavage between the large and the small subunits of caspase-3 is 
not inhibited by XIAP [26]. However, in the case of TNF treat- 
ment, caspase-8 activity could be responsible for the observed 
caspase-3 processing in cells overexpressing XIAP. 


DISCUSSION 


Apoptosis-associated caspases have been classified in the litera- 
ture either according to their function in the caspase cascade (1 e. 
initiators or executioners), or due to their primary structure 
(i.e. groups with long or short prodomains). Interestingly, in 
either case, the different criteria result in an almost congruent 
— classification. This suggests that the specific function of a caspase 
is also determined by the structure of its prodomain. For the 
caspases with long prodomains, i.e. the initiator caspases, it has 
been shown that the N-terminal region is required for the 
recruitment to death-receptor complexes as well as for 
dimerization and autoprocessing [7,32,33]. Specific structures 
within the large prodomain, which are crucial for the proteolytic 
activation of the initiator caspases, have been characterized in 
detail. In case of caspase-8 activation, the death-effector domain 
integrated in the long prodomain mediates steric aggregation via 
interaction with the FADD adapter molecule, inducing auto- 
processing of the procaspase-8 molecules [8,9,34]. A similar 
principle of long-prodomain-mediated autoactivation has been 
described for caspase-9. Here, .ргосаѕраѕе-9 autoactivation 1s 
induced by interaction of the CARDs in the prodomain and the 
respective sequence of Apaf-1, followed by oligomerization of 
the Apaf-1 adapter molecule. By this mechanism, the procaspase 
is brought into the proximity of its catalytic sites, resulting 
“in autoactivaton of caspase-9 [20,35,36]. Although certain 
functions have already been attributed to the long prodomains, 
a function of the short prodomaiuns (e.g. caspase-3 pro-peptide) 
has not been described until now. 

The potential for autocatalytic activation of caspase-3 has 
been demonstrated by recombinant expression in Escherichia coli 
[18] and in the yeast Saccharomyces cerevisiae (T. Meergans and 
A. Wendel, unpublished work). However, in mammalian cells we 


found, in agreement with previous reports [37,38], that transient 
overexpression resulted 1n little native caspase-3 being processed 
and becoming enzymically active, indicating an important con- 
tribution to the activation process of the conditions in the specific 
cell. We demonstrate here that the short prodomain of caspase- 
3.has an inhibitory function on the activation of this executioner 
caspase in Hela cells. This general feature of the native full- 
length caspase is changed in absence of the prodomain, resulting 
in a proteolytic activation of the recombinant caspase. Because 
this inhibitory effect of the prodomain was not found in a 
bacterial expression system [18] or in the yeast cells (T. Meergans 
and A. Wendel, unpublished work), our results may indicate that 
factors exist that are specific for a living mammalian cell and 
mediate the silencing effect of the prodomain. 

Spontaneous activation of caspase-3 fusion proteins has been 
reported previously. In this case, N-terminal fusion of the long 
prodomain of caspase-2 to the full-length caspase-3 resulted 
in caspase-3 processing most probably due to a caspase-2- 
prodomain-mediated oligomerization [38] Furthermore, re- 
arrangement of the subunits (the small subunit preceding the 
large subunit) generated a constitutively active enzyme that was 
capable of autoactivation [37]. In these preceding reports, the 
silencing function of the caspase-3 prodomain may have been 
obscured by the artificial structures resulting from these unusual 
fusion proteins. Our data show that deletion of the prodomain 
alone is sufficient for caspase-3 to become activated in the 
natural cellular environment. It is important to note that this 
finding was also valid for recombinant expression levels 
(regulated by the Tet-Off system) comparable with those of the 
endogenous zymogen. 

As shown in Figure 1, the differences in the activity levels 
resulting from prodomain deletion were pronounced in trans- 
fected cells lacking apoptotic stimulation, but became smaller 
after TNFa treatment of the cells. This indicates that TNFa 
stimulation may initiate reactions that overcome the prodomain- 
associated activation barrier, whereas mechanisms responsible 
for processing the prodomain-free caspase may be constitutively 
available. Recently, Stennicke et al. described a partial activity of 
the caspase-9 zymogen without prior proteolytic processing [31]. 
Although caspase-9 activity is mainly cytochrome c regulated, 
the small remaining activity could be sufficient to activate caspase- 
3 lacking the prodomain. Therefore, the function of executioner 
caspase prodomains may consist of protection against small 
amounts of latent initiator caspase activity, which їп turn 15 
necessary to enable autocatalysis in response to stimulation. 

The anti-apoptotic protein XIAP has been shown to specifically 
inhibit caspase-3 and -7 as well as caspase-9 activity. In addition, 
XIAP blocks the removal of the caspase-3 prodomain during 
caspase-8-initiated processing, but is unable to prevent caspase- 
8-mediated cleavage of caspase-3 between the small and the large 
subunit [26,30,39] Hence, the lack of caspase-3 proteolysis into 
the large and small subunits in unstimulated cells co-expressing 
XIAP and caspase-3 (without prodomain) suggests that caspase- 
8 is not involved in the spontaneous activation of caspase-3. 
Autoactivation of recombinant caspase-3 could be involved, but 
is unlikely to be exclusively responsible for the spontaneous 
activation in HeLa cells. Although we cannot exclude that the 
observed partial proteolysis of the mutated construct was 
mediated by traces of activated endogenous caspase-3, these data 
suggest that the spontaneous activation of caspase-3 1s not only 
an autocatalytical process. 

To our knowledge, this is the first report showing a functional 
role of a short caspase prodomain. Further studies will address 
the identification and charactenzation of factors mediating the 
silencing effect of the caspase-3 prodomain. 
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acetyltransferase: phosphorylation of the enzyme regulates catalytic activity 


Tomas DOBRANSKY*t, Wanda L DAVIS*, Gong-Hua XIAO*T' and R. Jane RYLETT*T^ 
*Department of Physiology, Medical Sciences Building, University of Western Ontano, London, Ontario, Canada, NGA 5C1, and TThe John P Robarts Research Institute, 


London, Ontano, Canada 


Choline acetyltransferase synthesizes acetylcholine in cholinergic 
neurons and, in humans, may be produced in 82- and 69-kDa 
forms. In this study, recombinant choline acetyltransferase from 
baculovirus and bacterial expression systems was used to identify 
protein isoforms by two-dimensional SDS/PAGE and as sub- 
strate for protein kinases. Whereas hexa-histidine-tagged 82- and 
69-kDa enzymes did not resolve as individual isoforms on two- 
dimensional gels, separation of wild-type choline acetyltrans- 
ferase expressed in insect cells revealed at least nine isoforms for 
the 69-kDa enzyme and at least six isoforms for the 82-kDa 
enzyme. Non-phosphorylated wild-type choline acetyltransferase 
expressed in Escherichia coli yielded six (69 kDa) and four 
isoforms (82 kDa) respectively. Immunofluorescent labelling of 
insect cells expressing enzyme showed differential subcellular 
localization with the 69-kDa enzyme localized adjacent to plasma 
membrane and the 82-kDa enzyme being cytoplasmic at 24 h. By 


64 h, the 69-kDa form was in cytoplasm and the 82-kDa form 
was only present in nucleus. Studies in vitro showed that 
recombinant 69-kDa enzyme was a substrate for protein kinase 
C (PKC), casein kinase II (CK2) and a-calcium/calmodulin- 
dependent protein kinase II (a-CaM kinase), but not for 
cAMP-dependent protein kinase (PKA); phosphorylation by 
PKC and CK2 enhanced enzyme activity. The 82-kDa enzyme 
was a substrate for PKC and CK2 but not for PKA or a-CaM 
kinase, with only PKC yielding increased enzyme activity. 
Dephosphorylation of both forms of enzyme by alkaline 
phosphatase decreased enzymic activity. These studies are of 
functional significance as they report for the first time that 
phosphorylation enhances choline acetyltransferase catalytic 
activity. 


Key words: acetylcholine, cholinergic, protein isoform. 





INTRODUCTION 


Choline acetyltransferase (ChAT; EC 2.3.1.6) catalyses synthesis 
of the transmitter acetylcholine (ACh) 1n cholinergic neurons. 
While only cholinergic neurons express ChAT and use ACh to 
communicate neurochemical information ш the nervous system, 
recent evidence indicates that ACh is also formed in non- 
neuronal cells in pro- and eukaryotes ranging from bacteria and 
primitive plants to epithelial and immune cells in human (for 
review see [1,2]). The physiological role of ACh in non-neuronal 
tissues is unclear, and may differ from the well-studied neuro- 
transmitter function of ACh within peripheral and central 
nervous systems 

ChAT is encoded by a single gene for which there are multiple 
transcripts expressed by differential utilization and alternative 
splicing of three non-coding exons [3—5]. In human, three of the 
four transcripts identified all translate to the same 69-kDa 
protein (transcripts К, М1 and N2). The fourth transcript, M, 
has two translation-initiation sites and yields an 82-kDa enzyme 
in addition to the 69-kDa form. The 82-kDa form differs from 
69-kDa ChAT in terms of a 118-residue N-terminal extension 
[3,5]. Mechanisms regulating production of the various tran- 
scripts and their physiological roles have not been elucidated, but 
they could vary in stability or translational efficiency or may be 
differentially expressed in response to trophic factors or hor- 
mones. Similarly, it has not been determined whether 82- and 69- 


kDa ChAT have different physiological roles or are regulated by 
different cellular mechanisms. We observed recently that 82-kDa 
ChAT 1s localized to nucleus, whereas the 69-kDa enzyme 1s in 
the cytoplasm of living cells transiently expressing green- 
fluorescent-protein conjugates of the proteins [6]. 

To date, there have been three reports of post-translational 
modification of ChAT by protein kinases [7-9]. ChAT is a 
substrate for calcium-dependent protein kinases [9,10], and 
phosphorylation ın situ in hippocampal nerve terminals can be 
modulated by altering cytosolic free calcium levels [7]. The role 
that phosphorylation plays 1n regulating ChAT function is 
unclear, although it has been suggested that increased phos- 
phorylation may decrease binding of the enzyme to synaptic 
membranes and regulate subcellular compartmentation in the 
nerve terminal [8]. Functional studies ın which inhibitors of 
serine/threonine phosphoprotein phosphatases were used to 
modulate phosphorylation of ChAT 1n nerve terminals indicate 
that phosphorylation may play a role in its partitioning between 
cytoplasm and membrane, and in regulation of ACh biosynthesis 
under some conditions [10]. Analysis of the primary structure of 
ChAT indicates that 1t has a number of potential phosphorylation 
sites that could be recognized by multiple protein kinases, in- 
cluding protein kinase A (cAMP-dependent protein kinase, 
PKA), protein kinase C (PKC), protein kinase G, a-calcium/ 
calmodulin-dependent protein kinase II (a-CaM kinase), casein 
kinase II (CK2) and mitogen-activated protein kinase. 


Abbreviations used ACh, acetylcholine; CK2, casein kinase ll, a-CaM kinase, a-calcium/calmodulin-dependent kinase Il, ChAT, choline 
acetyltransferase, CTab, affinity-punfied anti-ChAT antibody to C-terminal peptide, His6, hexa-histidine; NTab, affinity-purified anti-ChAT antibody to 
N-terminal peptide, PKA, cAMP-dependent protein kinase, PKC, protein kinase C; AEBSF, 4-(2-aminoethyl)benzenesulphonyl fluoride, TRITC, 


tetramethylrhodamine -isothiocyanate 
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In the present studies, recombinant 82- and 69-kDa human 
ChAT were prepared in baculovirus and bacterial expression 
systems to facilitate comparative studies of these two forms of 
enzyme Affinity-purified antibodies recognizing either the C- 
termini of both 82- and 69-kDa ChAT or only the N-terminus of 
the 82-kDa enzyme were generated and used as reagents for 
immunoblotting, immunohistochemistry and immunoprecipita- 
tion. Insect cells expressing recombinant enzymes revealed 
different subcellular distribution for 82- and 69-kDa forms. 
Proteins were analysed by two-dimensional gel electrophoresis to 
reveal different isoforms present ın each, and were tested as 
substrates for a panel of protein kinases. Importantly, we report 
for the first time that phosphorylation of human ChAT resulted 
in enhanced catalytic activity. 


EXPERIMENTAL 


Preparation and purtfication of baculovirus-expressed recombinant 
human ChAT 


Wild-type and hexa-histidine (His6) epitope-tagged recombinant 
82- and 69-kDa human ChAT were produced in High-5 insect 
cells using a baculovirus expression system M- and NI-ChAT 
cDNAs were obtained as a generous gift from Dr H. Misawa 
(Tokyo Metropolitan Institute for Neuroscience, Tokyo, Japan). 
To produce 82-kDa ChAT, the M-ChAT cDNA was used as a 
template for the preparation of the mutant cDNA M119A in 
which the second translation-initiation site (ATG, Met-119) was 
changed to Ala (GCG) by PCR-mediated site-directed muta- 
genesis; the resulting mutant cDNA encodes only the 82-kDa 
form of ChAT, whereas wild-type M-ChAT is translated to both 
82- and 69-kDa ChAT [6]. For His6-tagged proteins, cDNA 
inserts were modified by PCR to contain flanking 5 EcoRI sites 
and 3’ Sall restriction-endonuclease sites to facilitate ligation 
into the insect expression vector pBlueBacHis (Invitrogen). The 
translation start codons were removed during the addition of 
the 5’ EcoRI sites to allow translation to begin at the N-terminal 
His6-epitope tag, and result in the production of an epitope- 
tagged ChAT fusion protein; the 3’ Sall sites were located after 
the stop codon of the ChAT cDNAs For wild-type proteins 
(non-His6-tagged proteins) cDNA inserts encoding either 69- or 
82-kDa ChAT were cut out of other vectors at 5 KpnI and 3’ 
Sall sites and ligated into the KpnI/ Xhol sites of pBlueBac4.5. 
Recombinant viruses for both 82- and 69-kDa ChAT were 
prepared from these plasmids (4 ug) and linearized Bac-N-Blue 
DNA (0.5 ug; Invitrogen) in High-5 cells using the liposome 
transfection method (Invitrogen). Following plaque purification 
and confirmation of the presence of the cDNA insert from viral 
genomic DNA by PCR, high-titre viral stocks were prepared and 
stored at 4 °С for use in cell infections. 

High-5 cells were grown in Grace's media supplemented with 
yeastolate (1.7 g/500 ml; Gibco), lactalbumin hydrolysate sol- 
ution (1.7 g/500 ml; Gibco), 8% fetal bovine serum (Hyclone) 
and gentamicin (50 ug/ml; Gibco). Infections with recombinant 
baculovirus were made in monolayers of cells at the required 
multiplicity of infection. At 40h after infection, High-5 cells 
were washed twice with PBS, scraped into PBS, then pelleted 
by centrifugation at 700 g for 5 min at 4 °C. Cells were lysed by 
incubation for 30 min at 4 *C in 5 vols of lysis buffer [20 mM 
Tris/HCl, pH 8.0/150 mM NaCl/2.5 mM f-mercaptoethanol/ 
1095 ethanol/2 mM 4-(2-aminoethyl)benzenesulphonyl fluoride 
(AEBSF)/2 ug/ml pepstatin/2 ug/ml leupeptin/200 ug/ml ap- 
rotinin] with 0.5% of Triton X-100. Lysates were centrifuged at 
12000 р for 15 min at 4 °C with the resulting supernatant used 
for further protein purification. 
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Purification of ChAT—His6 fusion protein 


ChAT—His6 proteins were purified by a two-step purification 
protocol with DEAE-Sepharose chromatography (Pharmacia) 
followed by Talon resin metal-affinity chromatography (Clon- 
tech). Supernatants from cell lysates were diluted 1:3 with buffer 
А (20mM Tns/HCl, pH 7.0/150mM NaCl/10% ethanol/ 
2.5 mM f-mercaptoethanol/0.5 mM AEBSF/2 ug/ml pepstatin/ 
2 ug/ml leupeptin/20 ug/ml aprotinin) and applied to a DEAE- 
Sepharose column (50 mg of protein/ml of resin) at 1 ml/min. 
The flow-through from this column was used for the Talon 
metal-affimty purification step. The affinity resin was washed 
twice with 10 vols of buffer B (20 mM Tris/HCl, pH 8.0/150 mM 
NaCh, then pre-equilibrated with active fraction eluted from 
DEAE-Sepharose column which had been diluted 1:1 with 
buffer B (20 mg of total protein in active fractions/ml of resin) 
for 2 h at 4 *C with gentle agitation. The suspension was loaded 
into a chromatography column, washed with 5 column-bed vols 
of buffer B and 10 column vols of buffer B containing 5 mM 
imidazole. ChAT was then eluted with 7 column vols of buffer B 
containing 50 mM imidazole. 


Fractionation of wild-type ChAT on DEAE-Sepharose 


Wild-type 82- and 69-kDa ChAT were partially purified by 
fractionation on DEAE-Sepharose with an NaCl gradient. 
Supernatants from lysed cells were dialysed against three changes 
of 20 vols of buffer С (20mM Tns/HCl, pH 8.8/10 mM 
NaCl/2 mM f-mercaptoethanol/0.5 mM AEBSF/2 „g/ml pep- 
statin/2 ug/ml leupeptin/20 ug/ml aprotinin) at 4 °C. Dialysed 
samples were loaded on to a DEAE-Sepharose column that had 
been equilibrated with buffer C. Fractions of 10 ml each were 
collected during stepwise elution of the column with 50, 100, 200, 
300 and 1000 mM NaCl added to buffer C. 


Preparation and DEAE-Sepharose fractionation of bacterially 
expressed recombinant human ChAT 


Recombinant 82- and 69-kDa ChAT were also produced in a 
bacterial expression system to obtain non-phosphorylated pro- 
teins. Consequently, cDNA inserts for both 82- and 69-kDa 
human ChAT were ligated into 5’ BamHI and 3’ Ncol sites of the 
bacterial protein expression vector pET3d (Novagen) following 
addition of these restriction sites by PCR. Plasmids were ex- 
pressed in and isolated from DH5a« cells, then used to transform 
BL21(DE3) bacterial cells by electroporation. Individual colonies 
were used to inoculate 2-ml cultures of Luria-Bertani medium 
containing 100 «g/m! ampicillin and grown to an Aso value of 
0.6. This culture was used to inoculate Luria—Bertani/ampicillin 
medium (100—500 ml), which was grown to an A,,, value of 0.6 
before addition of 0.4 mM isopropyl f-p-thiogalactoside to 
induce protein formation. After 3 h of incubation, bacterial cells 
were harvested by centrifugation at 5000 р for 5 min at 4°C. 
Cells were resuspended in 0.25 culture vol. of cold 20 mM 
Tris/HCl, pH 8.0, and recentrifuged. Cell pellets were sonicated 
in 5 vols of buffer D (buffer C supplemented with 1 mM EDTA) 
on ice (3х 30 s), then centnfuged at 5000 g for 5 min. The 
resulting pellets were washed twice with 3 vols of buffer D and 
once with 1 vol of 6 M urea (this wash contained a substantial 
amount of ChAT activity). Supernatants were combined and 
centrifuged at 15000 g for 30 min, then dialysed against three 
changes of 20 vols of buffer D overnight. Dialysed samples were 
loaded on to a DEAE-Sepharose column equilibrated with 
buffer D. Fractions containing different forms of ChAT were 


en 
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collected during stepwise elution with 50, 100, 200, 300 and 
1000 mM NaCl added to buffer D. 


Preparation of anti-ChAT antibodies 


Polyclonal antibodies to two human ChAT peptides (GeneMed 
Synthesis) were prepared in rabbits. The first antibody (affinity- 
purified anti-ChAT antibody to C-terminal peptide, CTab) was 
raised against the sequence CEKATRPSQGHOP [5], located at 
the C-termini of both 82- and 69-kDa ChAT, and recognized 
both forms of enzyme. The second antibody (affinity-purified 
anti-ChAT antibody to N-terminal peptide; NTab) was raised to 
the sequence CAEAAEPRRAGPH that is present in the N- 
terminal extension of 82-kDa ChAT (residues 87-98), and 
recognizes only that form of the enzyme. Both peptide immuno- 
gens were conjugated to maleimide-activated keyhole limpet 
haemocyanin at the N-terminal cysteine residue of the peptide. 
Specific immunoglobulins were purified from both antibody 
preparations by affinity chromatography on NHS-Sepharose 
columns to which the peptides used as immunogen had been 
coupled (4 mg/ml of resin) according to the manufacturer's 
instructions (Pharmacia). Antisera (25 ml) were loaded on to 
affinity columns (2.5 ml) pre-equilibrated with PBS at a rate of 
0.5 ml/min. Following loading, columns were washed with 10 
vols of PBS containing 500 mM NaCI and 0.1% Nonidet Р-40. 
Immunoglobulins were eluted with 100 mM glycine/HCl, pH 
2.7. A volume of 1 ml of immunoaffinity-purified antibody 
represents 2.5 ml of crude serum. 


One- and two-dimensional PAGE 


One-dimensional SDS/PAGE was performed on 12% gels 
according to the method of Laemmli [11]. Two-dimensional 
SDS/PAGE was performed by the method of Garrels [12], with 
isoelectric focusing gels containing 2 9 ampholines pH 3.5—10 or 
pH 5—7 (80% of 5—7 апа 20% of 3.5-10; Pharmacia), and the 
second dimension run on 10% separating gels. To determine 
the pI values of different isoelectric forms of ChAT, samples were 
analysed by co-migration with 12 ul (z 7.2-ug protein content) of 
two-dimensional SDS/PAGE standards (Bio-Rad) composed 
of: soya bean trypsin inhibitor, pI 4.5; bovine muscle actin, pls 
5.0and 5.1; BSA, pIs 5.4, 5.5 and 5.6; bovine carbonic anhydrase, 
pls 5.9 and 6.0; hen egg white conalbumin, pls 6.0, 6 3 and 6.6; 
and equine myoglobin, pI 7.0. In some cases for ChAT pl 
determinations, carbamylated protein standards were used (Phar- 
macia) with carbonic anhydrase, pI range 4.8—6.7, and glycer- 
aldehyde-3-phosphate dehydrogenase, pl range 4 7-8.3. After 
electrophoresis, proteins were either stained with Coomassie 
Brilliant Blue or transferred to nitrocellulose for immunoblotting. 
Nitrocellulose membranes were stained after protein transfer 
with 0.02% Ponceau-S in 1% acetic acid solution to visualize 
transferred proteins and standards. 


Western-blot analysis 


Proteins from one-dimensional SDS/PAGE gels were transferred 
to nitrocellulose membranes in a semi-dry electroblotting ap- 
paratus using transfer buffer (48 mM Tr1s/39 mM glycine) con- 
taining 20% methanol. Membranes were saturated with 8% 
non-fat mik powder ın PBS and probed with anti-ChAT 
antibodies CTab (1:2000) or NTab (1:500) for 1h at room 
temperature Membranes were washed with PBS containing 
0.5% Tnton X-100, then bound antibodies were detected with 
peroxidase-coupled secondary antibodies and ECL (Amersham). 


Phosphorylation of ChAT in vivo 


**P Labelling of recombinant 82- and 69-kDa ChAT expressed in 
High-5 cells was performed by preincubating cells for 3 h with 
0.2 mCi of PO,’ in 500 ul of phosphate-free culture media 
(MEM, Sigma) on 35-mm culture dishes. After treatment, crude 
cell extracts were prepared and ChAT was fractionated on 
DEAE-Sepharose as described above. 


Phosphorylation reactions /n vitro 


Partially purified 82- or 69-kDa recombinant ChAT from 
Escherichia coli (flow through after DEAE-Sepharose fraction- 
ation step; 10 ug of total protein) was incubated at 30 °C for 
15 min with PKA (10 m-units), PKC (0.4 m-unit), CK2 (1 m- 
unit) or z-CaM kinase (5 m-units). Incubation reactions also 
included 5 uC: of [y-?* PJA TP in 50 ul of phosphorylation buffer 
comprised of: 50 mM Tris/HCl, pH 7.0, 20 mM MgCI,, 50 mM 
KCl, 1 mM EGTA, 1 mM dithiothreitol and 25 4M ATP for 
РКА; 50 mM Hepes, pH 7.4, 20 mM MgCl, 1.5 mM CaCl, 
0.1 mg/ml BSA, 0.05 mg/ml phosphatidylserine, 10 ug/ml 1,2- 
dioleoyl-5n-glycerol and 10 „М ATP for PKC; 50 mM Tris/HCl, 
pH 7.0, 10 mM MgCl, 80 mM KCI, 1 mM dithiothreitol and 
10 4M ATP for CK2; and 50 mM Tris/HCl, pH 7.2, 0.4 mM 
dithiothreitol, 0.5 mM CaCl, 5mM MgCl, 1 4M calmodulin 
and 100 uM АТР for a-CaM kinase. Reactions were stopped 
by the addition of sample buffer. Following electrophoresis, 
proteins were transferred from gels to nitrocellulose membranes, 
which were first exposed to film (Kodak X-OMAT or XAR-5) to 
identify phosphoproteins, and then immunoblotted with CTab 
to co-localize phosphorylated forms of ChAT with immuno- 
reactive ChAT isoforms 

For determination of the effects of phosphorylation on ChAT 
enzymic activity, phosphorylation reactions were carried out for 
10 min under conditions as described above. Then ChAT activity 
was measured immediately at 37°C 1n an additional 20-min 
incubation. 


Dephosphorylation and assay of ChAT activity 


Fractions eluted from DEAE-Sepharose with 200mM NaCl 
containing constitutively phosphorylated 82- and 69-kDa ChAT 
from High-5 cells were used to study effects of dephosphorylation 
on enzyme activity. Samples (about 5 ug of protein) were 
incubated in Tris/HCl, pH 8.0, with 2 mM AEBSF and 0.5% 
Triton X-100 for times up to 30 min at 37°C with 0.5 unit of 
alkaline phosphatase. Separate controls were performed at each 
time point. ChAT activity was measured immediately at 37 °C in 
an additional 20-min incubation, and samples were retained for 
ChAT immunoblotting to determine that enzyme protein was 
not lost during the experimental manipulations. 

ChAT activity was measured radioenzymically by a modified 
method of Fonnum [13] as published previously [14]. 


immunohistochemistry and confocal mieroscopy 


High-5 cells expressing either wild-type 82-kDa (M119A mutant) 
or 69-kDa forms of ChAT were washed three times with PBS, 
then fixed with 4% paraformaldehyde in PBS for 15 min at 4 °C. 
Following four washes with PBS, fixed cells were incubated for 
30 min at room temperature in PBS containing 1% BSA. Cells 
were incubated subsequently for 1 h with CTab (1:500) or NT ab 
(1:200) in PBS containing 1% BSA After washing three times 
for 5 min with PBS, cells were incubated for 45 min with a 
secondary tetramethylrhodamine J-isothiocyanate (TRITC)- 
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coupled AffiniPure donkey anti-rabbit IgG (Jackson Immuno- 
Reseach Laboratories) at a 1:50 dilution. Preparations were 
observed with a confocal laser scanning microscope (Zeiss LSM 
510). 


RESULTS 


Expression of recombinant human 82- and 69-kDa ChAT in High-5 
cells using a baculovirus expression system 


High-titre recombinant baculoviruses containing cDNA inserts 
encoding 82- and 69-kDa ChAT were constructed and used to 
infect High-5 insect cells; both wild-type and His6-tagged pro- 
teins were produced under control of the polyhedrin promoter. 
Maximal ChAT protein expression and enzyme specific activity 
were observed in crude cell extracts at 40 h post-infection. with 
these measures stable up to 60h after infection (results not 
shown). 


Purification and analysis of 82- and 69-kDa ChAT—His6 


Figure 1 illustrates protein profiles on one-dimensional SDS/ 
PAGE for 82- and 69-kDa ChAT-His6 in cell homogenates and 
at each purification step. This protocol yielded enzyme that was 
purified essentially to homogeneity. Immunoblots shown in 
Figure 1(B) demonstrate the specificity of the CTab anti-ChAT 
antibody, particularly in the case of the crude cell lysate and after 
the first purification step (Figure 1, lanes 1, 2, 4 and 5). A 


ChAT is presented in Table 1; comparable purification and 
specific activity were obtained for both forms of the enzyme. 


High-5 cells was 425-570-fold greater than the activity found in 
homogenates of human placenta [15.16]. 


A B 
М123 4 56 





Figure 1 Purification of 82- and 69-kDa ChAT—His6 


Proteins corresponding to each purification step were run on SDS/PAGE under reducing 
conditions, in (A) the gel was stained with Coomassie Brilliant Blue, and (B) represents the 
corresponding Western blot probed with CTab anti-ChAT antibody (see the Experimental 
section) Lane M, marker proteins (Pharmacia) from top to bottom: phosphorylase 0 
(04 kDa), BSA (67 kDa), ovalbumin (43 kDa), carbonic anhydrase (30 kDa), trypsin inhibitor 
(20.1 kDa); Lanes 1—3, recombinant human 82-kDa ChAT—His6; lanes 4—6, recombinant 
human 69-kDa ChAT—His6; lanes 1 and 4, crude cell extract (30 jeg of protein}: lanes 2 and 
5. fraction from DEAE-Sepharose purification step (30 ип of protein); lanes 3 and 6, Talon 
affinity columa-purified traction (3 wg of protein for Coomassie Brilliant Blue stain: 0.5 ug of 
protein for Western blot. 
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The DEAE-Sepharose chromatography loading buffer con- 
tained 10°, ethanol. When the enzyme was purified in the 
absence of ethanol, a second peak of ChAT activity (17 and 20%, 
of the total activity of 82- and 69-kDa ChAT, respectively) was 
eluted with 250 mM NaCl in buffer A (results not shown). This 
suggests that a fraction of both forms of the enzyme interacted 
ionically either with the column medium or with proteins retained 
on the column when the sample was loaded. As the column flow- 
through fraction was to be used for the second purification step. 
ethanol was included in the loading buffer to minimize ChAT 
bound to the column and to achieve greater recovery of enzyme 
in this fraction. Inclusion of ethanol in the elution buffer during 
ChAT purification by ion-exchange chromatography has been 
described previously [17]. 


Multiple isoforms for 82- and 69-kDa ChAT—His6 were revealed 
by two-dimensional SDS/PAGE 


As observed with many other proteins, both 82- and 69-kDa 
human ChAT-His6 are comprised of multiple isoforms when the 
proteins were subjected to two-dimensional SDS/PAGE (Figure 
2). Both forms of His6-tagged enzyme appeared as a broad smear 
over a pH range from 7.7 to 9.8. Also, as shown in Figure 2(А). 
preparations of 69-kDa ChAT-His6 contained minor protein 
contaminants at roughly the same apparent molecular mass that 
were not detected on the immunoblot with anti-ChAT antibody 
(Figure 2B). 


DEAE-Sepharose fractionation and analysis of wild-type 82- and 
69-kDa ChAT expressed in High-5 cells and in Е. coli 


smear on two-dimensional SDS/PAGE gels and immunoblots, 
we addressed the issue of whether the positively charged Hisó- 
epitope tag contributed to this pl distribution profile. In the first 
instance, recombinant viruses were prepared which encoded an 
enterokinase cleavage site between the N-terminal His6 tag and 
the ligation site for the 5-end of the cDNA of interest. This 
yielded recombinant proteins from which the epitope tag could 
potentially be cleaved during incubation with enterokinase. In 


feasible as ChAT protein was not stable during the prolonged 
(16-h) enterokinase cleavage step. Modification of this protocol 
with considerably shorter enterokinase treatment (4 h) also did 
not yield adequate amounts of functional ChAT (results not 
shown). 

As an alternative strategy to obtain non-His6-tagged ChAT. 
we prepared high-titre recombinant baculovirus expressing wild- 
type 82- and 69-kDa human ChAT. Upon comparison of specific 
activities of wild-type and His6-tagged enzymes, it was de- 
termined that the N-terminal His6 tag significantly modified 
expression levels of the recombinant proteins. Specific activities 
of both 82- and 69-kDa ChAT-His6 were only about 50°, of 
that measured for wild-type enzymes (Tables | and 2). Also by 
comparison, specific activity of both 82- and 69-kDa wild-type 
ChAT was found to be higher in crude extracts of E. coli 
expressing the enzyme compared with that measured in High-5 
cell homogenates (Table 2). Specific activity of 69-kDa ChAT in 
crude extracts of E. coli was 4200—5630-fold greater than reported 
for human placental extracts [15.16]. 

Recombinant wild-type enzymes produced in High-5 cells and 
E. coli were partially purified by fractionation on DEAE- 
Sepharose: further purification was not carried out at this time 
as the enzyme preparations available allowed the questions 
posed to be addressed adequately. As shown in Table 2, wild- 
type 82-kDa ChAT produced in High-5 cells was detected 
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Table 1 Purification of 82- and 69-kDa ChAT-His6 


His6-epitope-tagged ChAT was purified from baculovirus-infected High-5 cells expressing 82- 
and 69-kDa forms of the enzyme. The data are based on a starting preparation of 1.0 g (wet 
weight) of cells. Enzyme activity: 1 unit of enzyme catalyses the formation of 1 гето! of ACh/min 
at 37 °C. 





Specific 
Total activity activity Purification 
Purification step (units) Protein (mg) (units/mg) — Yield (€) (000) 


emm АЛИ адынен e TINTE HIPH ААА eri e EISE ААЫА рири a PERPE 


82-kDa ChAT 


Cell extract 973 133.2 0.7 100 1 

DEAE-Sepharose 841 48.8 17 86.4 24 

Talon column 73.7 1.6 46.1 75.7 65.9 
59-kDa ChAT 

Cell extract 122.8 144.8 0.8 100 

DEAE-Sepharose 109.7 49.4 22 89.3 2.4 

Talon column 93.9 2.1 44.7 76.5 497 





predominantly in the column flow-through with about 28 ", of 
enzyme activity eluted with 200 mM NaCl. Interestingly. while 
this salt fraction contained substantial enzyme activity, it was 
represented by only a weak band on immunoblots (Figure 3A). 
Densitometric analysis of Western blots, in which band intensity 
was normalized to total protein content of crude cell extracts and 
fractions eluted with 200 mM NaCl, revealed that the latter 
represents only 4°, of total ChAT protein in crude extracts, but 
comprises 28", of total enzyme activity. By comparison, а 
different elution profile emerged when wild-type 82-kDa ChAT 
expressed in E. coli was fractionated on DEAE-Sepharose; 
again, most enzyme activity was recovered in the column flow- 
through, with minor amounts in the low-salt fractions and no 
enzyme activity in the 200 mM salt fraction (Table 2). On 
Western blotting, immunoreactive bands at 82kDa were 
observed for only the flow-through fraction and none of the salt 
fractions (Figure 3E). Interestingly, weak immunopositive bands 
with apparent molecular masses of about 47 and 30 kDa were 
detected in the 50 and 100 mM NaCl elution samples cor- 
responding to a measurable amount of enzyme activity (results 
not shown). These bands could represent degradation products 
formed during fractionation; catalytically active truncated forms 
of rat ChAT produced by proteolytic treatment of enzyme have 
been described previously [18]. 





Figure 2 Two-dimensional profile of purified ChAT—His6 


Table 2 Fractionation of wild-type ChAT on DEAE-Sepharose 


Crude extracts of High-5 cells (1 g wet weight) expressing 82- or 69-kDa ChAT, or Ё coli {1- 
g bacterial pellet) expressing 82- or 69-kDa enzyme were fractionated on a DEAE-Sepharose 
column using a stepwise elution with NaCi. Enzyme activity: 1 unit of enzyme catalyses the 
formation of 1 дето! of ACh/min at 37 °C. 





Total activity 
Sample (units) 


activity 


Protein (mg) (units/mg) Yield (%) 





82-kDa ChAT (High-5 cells) 


Crude extract (8.4 52 1.5 100 
DEAE-Sepharose 49 7 27.2 1.8 63.4 
flow-through 
[NaCl] 
50 mM – 41 - a 
100 mM — 6.6 ~ Е 
200 mM 21.6 72 3 27.6 
300 mM ~~ 0.8 -—— 
1M -— 0.4 — — 
69 kDa ChAT (High-5 cells) 
Crude extract 93.8 582 1.6 100 
DEAE-Sepharose 56.8 30.8 18 80.6 
How-through 
[Naci] 
50 mM 12 5.2 29 128 
100 mM 6.7 11 0.9 74 
200 mM 13.9 119 12 148 
300 mM -— 0.7 - z 
1M ~ 0.3 ~ — 
82 kDa ChAT (Ё сол) 
Crude extract 46.3 186 25 100 
DEAE-Sepharose 35.6 10.8 33 ?7 
flow-through 
Мас] 
50 mM 4 4B 08 86 
100 т a3 8.4 04 71 
200 mM ~ 98 ~ ~- 
300 mM ~ 04 om - 
1M ~ 0.1 = 
69-kDa ChAT (E. com 
Crude extract 335 21 158 100 
DEAE-Sepharose 201 10 20.1 60 
tow-through 
[NaCl] 
50 mM 39 23 152 104 
100 mM 28 17 155 8.4 
200 mM 38 132 44 173 
300 mM - 15 - ~- 





8 7 6 IEF 


Recombinant 82- and 69-kDa ChAT—His6 were purified as described in the Experimental section, then analysed by two-dimensional ge! electrophoresis. Proteins were separated in the 
first dimension (isoelectric focusing, IEF) using a pH gradient 3.5—10, then separated in the second dimension on a 10% polyacrylamide/SDS slab gel. Proteins were stained with Coomassie 
Brilliant Blue (A), or transferred to nitrocellulose membranes for Western immunoblotting (B). Western 01015 were probed with CTab anti-ChAT antibody. The upper gels show the pattern for 82. 


kDa ChAT-His6, and the lower gels show the pattern tor 69-kDa ChAT—His6. 
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Figure 3 One- and two-dimensional profiles of wild-type 82- and 69-kDa ChAT fractionated on DEAE-Sepharose 


Crude cell extracts (CES) of High-5 cells and £ cofi expressing recombinant ChAT were fractionated on DEAE-Sepharose, as described in the Experimental section, with column flow-through 
(FT) and 50, 100, 200, 300 and 1000 mM NaCI elution fractions collected for analysis. Protein (50 ий) from each fraction was run on one-dimensionai gels, then transferred to nitrocellulose 
membranes and probed with the Стаб anti-ChAT antibody. (A and C) Distribution of 82- and 69-kDa ChAT proteins, respectively, in fractions from column fractonation for enzyme produced in 
High-5 cells, (E and G) represent distribution of 82- and 69-kDa ChAT proteins, respectively, in fractions from column fractionation for enzyme produced in bacteria. Column fractions that were 
determined to contain ChAT protein by immunoblot were used for further analysis of СПАТ isoform profiles by two-dimensional gel electrophoresis, transterred to nitrocellulose and probed with 
CTab anti-ChAT antibodies. Proteins (100 jeg) were separated in the first dimension using a pH gradient of 3.5—10, except in the case (B) where a pH 5—7 gradient was used and the sample 
was concentrated with 500 єў of protein loaded. (В and D) Isoform profiles present in the column fractions for 82- and 69-kDa ChAT, respectively, for enzyme produced in High-5 celis. (F and 
Н) isoform profiles present in the column fractions for 82- and 69-kDa ChAT. respectively, for enzyme produced in bacteria. The data are representative of at least five separate experiments. 


DEAE-fractionation elution profiles for wild-type 69-kDa 
ChAT from both High-5 cells апа Ё. coli were similar (Figures 
3C and 3G), but differed substantially from that observed for the 
82-kDa enzyme. ChAT activity was recovered predominantly in 
the column flow-through fraction, with small amounts of enzyme 
activity and immunoreactive protein contained in fractions eluted 
with up to 200 mM NaCl (Figure 3 and Table 2). 

Multiple isoforms of both baculovirus- and bacterially pro- 
duced wild-type human ChAT were resolved by two-dimensional 
SDS/PAGE, as illustrated in Figure 3. in contrast to the smears 
observed with His6-tagged enzymes. The 82-kDa form of ChAT 
produced in High-5 cells was represented by at least six isoforms 
detectable in the crude extract, with pl values of approx. 9.0, 8.7, 
6.6, 6.5, 6.2 and 5.2 (Figure 3B). The flow-through from the 
DEAE-Sepharose column resolved as the first five isoforms, with 
isoform 6 being undetectable. The sixth isoform eluted from the 
column with 200 mM NaCl and, following a 5-fold concentration 
step, separated as seven isoforms with isoelectric points between 
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dimension rather than a pH gradient of 3.5-10. E. colr-expressed 
82-kDa ChAT was represented by only four isoforms with pl 
values of about 9.1, 8.6, 6.5 and 6.3 (Figure 3F). It is possible 
that the missing isoform with a pl of 6.6 is represented with 
isoform 3, but their separation was not clear. Importantly, the 
minor acidic isoform(s) (isoform 6) found in enzyme preparations 
from High-5 cells were not present in bacterially produced 82- 
kDa ChAT; one major difference between these two protein- 
expression systems is that, unlike insect cells, bacterially produced 
proteins do not undergo post-translational modification. by 
conventional serine/threonine/tyrosine phosphorylation. 
Separation of wild-type 69-kDa ChAT produced in High-5 
cells by two-dimensional gel electrophoresis yielded nine isoforms 
with approx. pl values of 8.3, 8.0, 7.3, 7.0, 6.8. 6.7, 6.5, 5.1 and 
4.9 (Figure 3D). By comparison, E. coli-expressed 69-kDa ChAT 
was represented by six isoforms with рі values centred around 
pHs of about 8.9, 8.3. 7.7, 6.8, 6.3 and 5.5 (some spots were 
elongated; Figure 3H). Similar to the finding with 82-kDa 
ChAT, the most acidic isoforms of 69-kDa ChAT observed with 
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69kDa 





Figure 4 Phosphorylation in vivo of 82- and 69-kDa ChAT 


High-5 cells expressing wild-type 82- and 69-kDa ChAT were pre-iabelled with (°“PJorthophosphoric acid. Subsequently, crude tysates of cells expressing 82-kDa ChAT, and the fraction of 69. 
kDa ChAT eluted irom DEAE-Sepharose with 200 mM NaCl, were analysed by two-dimensional PAGE. ChAT immunoblots using CTab (A) and autoradiographs (B) depicting ChAT protein distribution 


and “*P incorporation are illustrated. 
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Figure 5 Phosphorylation in vitro of 82- and 69-kDa ChAT by multiple 
protein kinases 


DEAE-Sepharase column flow-through fractions of wild-type 82- and 69-kDa ChAT produced in 
E. coll were incubated with PKA, PKC, CK2 or a-CaM kinase under phosphorylating conditions 
to test the айу of {he enzymes to serve as substrates for protein kinases. Enzymes were run 
on one-dimensional SDS/PAGE gels, transferred to nitrocellulose membranes and analysed by 
autoradiography ( — 80 °C for 24—96 hn) for incorporation of ^*P (b), then immunoblotted with 
CTab anti-ChAT antibody to allow co-localization with ChAT proteins (a). The data shown are 
representative of at least five separate experiments. 


enzyme produced tn High-5 cells (isoforms 8 and 9) did not 
appear in preparations of the bacterially expressed protein. 

Importantly, phosphorylation experiments in vivo in High-5 
cells expressing wild-type 82- and 69-kDa ChAT revealed that 
the most acidic isoforms of the enzyme incorporated [**P]phos- 
phate (Figure 4). 


Phosphorylation of ChAT by multiple protein kinases 


Four protein kinases were tested for their ability to phosphorylate 
bacterially produced ChAT in vitro; DEAE-column flow-through 
fractions were used in these studies. Figure 5 illustrates on one- 
dimensional gels that 82-kDa ChAT served as a substrate for 
PKC and CK2, whereas 69-kDa ChAT was phosphorylated 
by PKC, CK2 and z-CaM kinase. Neither form of enzyme 
appeared to be a substrate for PKA under the experimental 
conditions tested. 
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Figure 6 Phosphorylation by some kinases stimulates ChAT activity 


Bacterially expressed 82- (white bars) and 69- (black bars) kDa ChAT were incubated under 
phosphorylating conditions with four different protein kinases, followed by measurement af 
ChAT enzymic activity. Statistically significant increases in catalytic activity of 82-kDa ChAT 
were observed following incubation with PKC, and of 69-kDa ChAT after incubation with PKC 
and CK2. While 82-kDa ChAT was also phosphorylated by CK? and 69-kDa ChAT by a-CaM 
kinase, neither of these treatments led to enhanced ChAT activity. Data are means +5 Е.М. for 
n= 5 separate experiments. "P < 0.01 by Student's ! test. 


Activity of human ChAT is enhanced by phosphorylation in vitro 


In the present study, we began to address the funcuonal role of 
phosphorylation of ChAT by protein kinases by determining 
whether phosphorylation altered enzyme catalytic activity. As 
illustrated in Figure 6, incubation of both 82- and 69-kDa ChAT 
produced in Ё, coli with PKC resulted in significantly increased 
enzyme activity by 57 +9 and 1123 + 17%, respectively (means + 
S.E.M.). CK? did not alter activity of 82-kDa ChAT, but caused 
a small statistically significant stimulation of activity of the 69- 
kDa enzyme (20 3-35). Interestingly, even though a-CaM kinase 
phosphorylated 69-kDa ChAT, activity of the enzyme was not 
altered relative to the control. PK A did not phosphorylate either 
form of the enzyme, nor was the acetylating activity of ChAT 
different from controls following incubation with the kinase. 
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Figure 7 Dephosphorylation of ChAT decreases enzymic activity 
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Constitutrvely phosphorylated 82- and 69-kDa ChAT expressed in High-5 cells were used in these studies Aliquots of each enzyme eluted from DEAE-Sepharose with 200 mM NaCl (50 ug of 
protein per sample) were treated with alkaline phosphatase (05 units) for 1, 5, 10, 20 and 30 min at 30 °C. ChAT activity was measured in control samples (L1) for comparison with those 
treated with alkaline phosphatase (M) Results are means-+-SEM for three separate expenments Western immunoblots with CTab anti-ChAT antibody of control (C) and alkaline 
phosphatase-treated (S) samples were performed on samples at the times indicated (subscript numbers) to determine whether dephosphorylation resulted in loss of enzyme protein 


In other studies, we asked whether constitutive phosphory- 
lation of ChAT was involved in regulating enzyme catalytic 
activity. Experimentally, both 82- and 69-kDa wild-type ChAT 
produced in High-5 cells were incubated for various times with 
alkaline phosphatase, then enzyme activity was measured As 
illustrated in Figure 7, enzymic dephosphorylation of both forms 
of ChAT resulted in decreased specific activity. Immunoblots, 
with densitometric analysis (results not shown), demonstrated 
that this was not the result of loss of enzyme protein during 
incubation with alkaline phosphatase 


Subcellular localization of 82- and 69-kDa ChAT In Insect cells by 
Immunohistochemistry and confocal microscopy 


Using an immunohistochemical approach, 82- and 69-kDa ChAT 
assume differential subcellular localizations when expressed 
in baculovirus-infected High-5 cells, as was noted previously in 
mammaalian cells [G6] However, in contrast to mammalian cells, at 
24 h after infection 82-kDa ChAT was present in cytoplasm and 
concentrated in a distinct ring around the nucleus of High-5 cells, 
and 69-kDa ChAT was localized to plasma membrane, often at 
points of contact of adjacent cells, as illustrated in Figure 8(A). 
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By 64 h after infection, ChAT proteins underwent redistribution 
within the High-5 cells to assume a distribution similar to that 
seen in mammalian cells expressing cDNAs for 82- and 69-kDa 
ChAT (Figure 8B). At this point, 69-kDa ChAT appeared in 
cytoplasm (Figure 8B, panel a) with 82-kDa ChAT localized to 
nucleus (Figure 8B, panel b). Use of the NTab anti-ChAT 
antibody produced staining ın cells expressing 82-kDa ChAT, 
but no staining of cells producing 69-kDa ChAT (results not 
shown) 


Polyclonal anti-ChAT antibody production | 


NTab anti-ChAT antibody revealed high specificity for 82-kDa 
ChAT and did not recognize 69-kDa ChAT (Figure 9A). When 
CTab antibody was used, both 82- and 69-kDa ChAT was 
recognized (Figure 9B). His6-tagged enzymes were detected on 
one-dimensional SDS/PAGE gels at slightly higher apparent 
molecular masses than were wild-type ChAT proteins by both 
CTab and NTab anti-ChAT antibodies (Figure 9). Both anti- 
bodies were capable of immunoprecipitating ChAT from crude 
extracts of bacteria and insect cells expressing the enzymes 
(results not shown). 
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Figure 8 Immunofluorescence labelling of High-5 cells with CTab 
anti-ChAT antibody detected with TRITC-conjugated secondary antibody 


fort 


(8115 were iniecte ni 


J with recombinant baculovirus en 


ect ding 69-kDa ChAT (а, б) or 82-kDa ChAT 
b. d) at 24 h (A) or 64 h (B) prior to fixation and staining of cells. (а, B) Immunofluorescer 


mages C di í orrespon dit t iittere На interíferer Ce eontra: ! Image: 


DISCUSSION 


We describe production and purification of recombinant human 
82- and 69-kDa ChAT in baculovirus and bacterial expression 
systems, and characterization and phosphorylation of these two 
forms of the enzyme. New information includes: (i) both 82- and 
69-kDa ChAT are comprised of multiple isoforms which differ 
and can be separated by two-dimensional SDS/PAGE. (ii) both 
forms of enzyme serve as substrates for multiple protein kinases. 
(їп) phosphorylation of 69-kDa ChAT by PKC and CK2. but 
not x-CaM kinase. and of 82-KDa ChAT by PKC, but not CK2, 
led to increased catalytic activity. whereas neither form of enzyme 
was phosphorylated by PKA, (iv) 82- and 69-kDa ChAT were 
distributed differentially in cells following their synthesis with 
subcellular compartmentation changing over time, and (v) poly- 
clonal antibodies generated to peptides corresponding to a 
portion of the N-terminus of 82-kDa ChAT and C-termini of 
both 82- and 69-kDa ChAT proved useful for immunoblotting. 
immunoprecipitation and immunohistochemistrs 
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Figure 9 ChAT antibody specificity determination 


crude extracts o! cellular proteins from High-5 cells expressing 8 ind 59-kDa ChAT 
ChAT—His6 were separated using one-dimensional SDS/PAGE. Proteins were transferred ! 
nitrocellulose membranes and Western immunoblots were pertormed with (A) NTab ant 
antibody, 1:500, then blots were stripped and reprobed with (B) CTab anti-ChAT antibody 
1:2000. Lanes 1. 69-kDa CHAT. lanes 2. 82 kDa CHAT. lanes 3. 69-kDa СҺАТ Ні! and |; 


4. 82-kDa ChAT-Hisé 


Recombinant ChAT proteins were produced efficiently in 
both High-5 cells and Æ. coli. In. general, higher activities 
lor both forms of ChAT were achieved in bacteria, with the 
yield of 69-kDa ChAT being greatest. Interestingly. inclusion ol 
positively charged His6-epitope tags on the recombinant proteins 
decreased their yield, and also interfered with separation ol 
protein isoforms by two-dimensional gel electrophoresis. While 
the epitope tag facilitated protein purification, partially purified 
wild-type ChAT was used in most studies to overcome problems 
with alteration of the charge on the proteins, and thus allow 
accurate determination of isoform pl values 

Using preparative isoelectric focusing to separate samples 
enriched in ChAT, it was reported previously that the enzyme 
was comprised of multiple isoforms [19-22] 
tribution of ChAT in the resulting subfractions was determined 
by measuring enzymic activity rather than by documenting and 
comparing ChAT protein electrophoretic isoform patterns by 
immunoblotting. as ChAT antibodies were not generally avail 
able at that time. Measurement of ChAT activity would not 
distinguish and identify individual enzyme isoforms, but rather 
would give a relative distribution of enzyme according to 
[ractionation condition. The present study comprises the firs! 
report of characterization of ChAT isoform patterns by two- 
dimensional gel electrophoresis. These data serve as an important 
baseline for identification and comparison of mechanisms, such 
as phosphorylation, which regulate the presence and/or abun- 
dance of individual enzyme isoforms. 

Phosphorylauon of cellular proteins by kinases is a common 
and important regulatory mechanism in intracellular signal 
transmission. Changes in the phosphorylation state of enzymes. 
lor example. mav control their biological function by altering 
catalytic. activity and substrate specificity, or by stabilizing 
functional enzyme complexes. In the present study, we demon- 
strated that 82- and 69-kDa ChAT serve differentially as sub- 
strates for serine/threonine kinases that have significant roles in 


However. dis- 


neuronal function, and in some cases. but not others, phos- 
phorylation leads to enhanced catalytic activity for the enzymes 
Whereas ChAT has consensus motifs for PKA. it was not 
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phosphorylated by this protein kinase 1n the present or a previous 
study [8]. Whereas phosphorylation of 69-kDa ChAT by PKC 
has been reported [8], this is the first demonstration that 82- and 
69-kDa ChAT are substrates for PKC and CK2, and that 69- 
kDa but not 82-kDa ChAT is phosphorylated by «-CaM kinase 
In the nervous system, PKC modulates neuronal plasticity and 
learning processes [23], with reduced levels of PKC and/or 
alterations in activities and distribution of isoenzymes corre- 
lating with degeneration of selective neurons during aging and 
Alzheimer’s disease [24—26]. CK2 is also present in brain, and its 
activity appears to be altered in Alzheimer’s disease [27] a-CaM 
kinase is involved in Tau protein phosphorylation and formation 
of paired-helical filaments in Alzheimer's disease [28]. 

As these kinases recognize different phosphorylation consensus 
motifs, it is likely that multiple residues on ChAT can be 
phosphorylated. This has been demonstrated for other neuro- 
transmitter-synthesizing enzymes, such as tyrosine hydroxylase, 
with regulation of phosphorylation events governed by a variety 
of biological processes (reviewed in [29]). It is important now to 
identify which amino acid residues in ChAT are phosphorylated, 
how phosphorylation 1s regulated by physiological events such as 
neuronal activity and endogenous factors including growth and 
trophic factors, and whether this is modified by pathology. 

The functional significance of phosphorylation of ChAT has 
not been determined. It is clear from the present study that 
phosphorylation of the enzyme by some kinases, particularly 
PKC, leads to enhanced catalytic activity This is the first 
Investigation in which this parameter has been measured directly. 
In a previous study, using an indirect approach we determined 
that experimental conditions which decreased cytosolic free 
calcium levels in rat hippocampal nerve terminals and correlated 
with decreased phosphorylation of ChAT did not alter total 
synaptosomal ChAT activity [7]. The physiological consequence 
of enhanced catalytic activity for ChAT is unknown, but probably 
would result in increased ACh synthesis and the potential for 
increased neurotransmission. 

Subcellular compartmentation of proteins can also be regulated 
by protein phosphorylation; alterations 1n charge on the protein 
brought about by addition or removal of phósphate groups 
could influence its ability to bind to subcellular membranes or 
organelles [8]. Phosphorylation can also regulate translocation of 
proteins bearing nuclear localization signals between cytoplasm 
and nucleus [30,31]. We reported recently that 69-kDa ChAT 
was distributed 1n cytoplasm of mammalian cells, whereas 82- 
kDa ChAT was localized to nucleus [6]. This observation was 
confirmed and extended in the present study where we observed 
a temporal shift in subcellular localization of the two forms of 
enzyme in High-5 cells. Regulatory events, including phos- 
phorylation, which play a role in directing subcellular localization 
of ChAT, remain to be determined. 

In summary, observations made ın the present studies, 1n- 
cluding development of protein-isoform patterns for both 82- 
and 69-kDa ChAT and that human ChAT serves differentially as 
a substrate for multiple protein kinases, provide a basis for 
future functional investigations Elucidation of aspects of cellular 
regulation of cholinergic neurotransmission awaits identification 
and mutagenesis of specific residues that serve as sites for 
phosphorylation of ChAT. Furthermore, extension of studies at 
the protein level to pathology of the nervous system, such as 
Alzheimer’s disease, may reveal important clues for modification 
of neurochemical transmussion. 
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identification and characterization of a novel cytochrome c, from 
Shewanella frigidimarina that is involved in Fe(III) respiration 
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Shewanella frigidimarma NCIMB400 is a non-fermenting, fac- 
ultative anaerobe from the gamma group of proteobacteria. 
When grown anaerobically this organism produces a wide variety 
of periplasmic c-type cytochromes, mostly of unknown function. 
We have purified a small, acidic, low-potential tetrahaem cyto- 
chrome with similarities to the cytochromes c, from sulphate- 
reducing bacteria. The N-terminal sequence was used to design 
PCR primers and the cctA gene encoding cytochrome c, was 
isolated and sequenced. The EPR spectrum of purified cyto- 
chrome c, indicates that all four haem irons are ligated by 
two histidine residues, a conclusion supported by the presence 
of eight histidine residues in the polypeptide sequence, each of 
which is conserved in a related cytochrome c, and in the 
cytochrome domains of flavocytochromes c,. All four haems 
exhibit Jow- midpoint redox potentials that range from — 207 to 


— 58 mV at pH 7; these values are not significantly influenced by 
pH changes. Shewanella cytochrome c, consists of a mere 86 
amino acid residues with a predicted molecular mass of 11780 
Da, including the four attached haem groups. This corresponds 
closely to the value of 11778 Da estimated by electrospray MS. 
To examine the function of this novel cytochrome c, we con- 
structed a null mutant by gene disruption. S. frigidimarina 
lacking cytochrome c, grows well aerobically and 1 growth rate 
under anaerobiosis with a vanety of electron acceptors is 
indistinguishable from that of the wild-type parent strain, except 
that respiration with Fe(IIT) as sole acceptor is severely, although 
not completely, impaired. 


Key words: electron transfer, iron respiration, redox potentials. 





INTRODUCTION 


Shewanella spp. are widespread Gram-negative bacteria that 
have been isolated from many different habitats. This adaptability 
is supported by a flexible metabolic capability, particularly in the 
choice of respiratory electron acceptors [1,2]. Of particular note 
is the unusual capacity of Shewanella to use insoluble Fe(IIT) and 
Mn(IV) compounds as terminal oxidants, which raises important 
questions about how electrons are transferred to the extracellular 
medium. The presence of cytochromes in the outer membrane in 
these bacteria might provide a channel for electron transfer from 
the periplasm [3]. Shewanella frigidunarina NCIMB400 ıs а 
facultative aerobe that under anaerobic conditions produces at 
least nine different cytochromes in the periplasm [4]. One of these 
is a 64 kDa soluble flavocytochrome c, that functions as a 
respiratory fumarate reductase [5—7]. Spectroscopic analysis has 
shown that all four haem groups in the cytochrome domain of 
flavocytochrome c, are bis-histidine ligated and titrate at very 
low redox potentials [8,9]. The gene encoding this enzyme has 
been isolated and sequenced; its crystal structure has been deter- 
mined at 1.8 A (1А = 0.1 nm) resolution [5,10,11]. In contrast, 
the structures and functions of other periplasmic components 
of the anaerobic respiratory chain are poorly understood. 
Cytochromes c are common components of electron transfer 
pathways and, particularly ın bacterial systems, are remarkably 
diverse in their molecular properties. Ambler [12] has classified 
these proteins according to sequence and structural relationships, 
with multihaem c-type cytochromes being grouped together as 
class Ill. The best characterized of these proteins are the 


cytochromes c, from obligately anaerobic, sulphate-reducing 
bacteria [13,14]. These are generally small, low-potential, tetra- 
haem proteins found in the periplasm that act as electron 
acceptors from hydrogenase. Related proteins with 8 and 16 
haems have been found in addition to the tetrahaem cytochrome 
c, in Desulfovibrio vulgaris; these seem, on the basis of their 
amino acid sequences, to be composed of tandem tetrahaem 
domains [15,16]. Here we describe the purification of a low- 
potential, tetrahaem c-type cytochrome from S. frigulimarina 
and its characterization by spectroscopy, electrochemistry and 
sequence analysis. We have designated this protein as a cyto- 
chrome c, because it shares several properties with the Desulfo- 
vibrio proteins but the sequences are not closely related. 


MATERIALS AND METHODS 
Bacterial strains, growth conditions and plasmids 


Escherichia colt JM109 was used for general recombinant DNA 
procedures and DHS5a for manipulations involving the shuttle 
vector pJO200K S. Growth of S. frigidimarina NCIMB400 was 
as described by Pealing et al. [5] except that Luria-Bertani broth 
or agar was used. When required, ampicillin was added to the 
medium to a final concentration of 100 ug/ml. 


Purification of cytochrome c, 


S. frigidimarina NCIMBA00 was grown at 23 °C without aeration 
in Luria-Bertani medium supplemented with 5 g/l NaCl and 
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20 mM fumarate. Cells were harvested at 4°C; all subsequent 
purification steps were also performed at this temperature. 
Harvested cells (100 g wet weight) were resuspended in 100 mM 
sodium phosphate buffer, pH 7.0, and lysed by sonication. The 
lysate was centrifuged at 39000 g for 1 h and the supernatant was 
loaded on a DE-52 anion-exchange column (5 cm x 10 cm) that 
had been equilibrated with 100 mM sodium phosphate, pH 7.0. 
Cytochrome c, formed a tight band at the top of the column and 
was eluted with 100 mM phosphate buffer containing 200— 
250 mM NaCl Protein fractions were pooled and concentrated 
before loading on a Sephadex G-50 column (2 cm x 150 cm) in 
20 mM sodium phosphate buffer, pH 7.0. Further purification 
was achieved with a hydroxyapatite column (2.5 cm x 10 cm) 
with a gradient of 20-100 mM phosphate. The ratio of the Soret 
band at 407 nm over protein absorbance at 279 nm was used to 
monitor purity. Typical values of 12:1 were found. N-terminal 
sequencing was performed as described previously [17]. 


EPR spectroscopy 


All measurements were made at 10 K with a Bruker ER 200D 
spectrometer with an Oxford Instruments cryostat and helium 
transfer system. Samples contained 0.2 mM protein in 100 mM 
sodium phosphate buffer, pH 7.0. 


Redox potentials 


Haem midpoint potentials were determined by protein-film 
voltammetry as described by Turner et al. [9]. Cytochrome c, was 
coated on a pyrolytic graphite-edge electrode, with polymyxin B 
as a co-adsorbate. Electrochemical studies were performed at 
25 °C with a mixed buffer system of Taps, Hepes, Mes and Pipes, 
each at 50 mM, with 0.1 M NaCl as the supporting electrolyte. 
The buffers were titrated to the required pH with NaOH or НСІ 
at 25 °С. 


DNA techniques 


Recombinant DNA techniques, Southern hybndization and 
genomic DNA library construction were performed as described 
by Sambrook et al. [18]. Dideoxy sequencing reactions [19] were 
performed with the Sequenase version 2.0 kit (USB). PCR 
was performed with Tbr thermostable polymerase (NBL Gene 
Sciences). Reactions typically consisted of 100 ng of Shewanella 
genomic DNA, 200 uM dNTPs and 1.5 mM MgCl, with the 
supplied reaction buffer; 20 ng of each oligonucleotide primer 
was present in each 50 ul reaction. Typically, two rounds of PCR 
were performed, with а 5 ul aliquot of the first-round reaction 
used as template in the second round. Cycles used were’ 95 °C 
for 2 min; then 35 cycles of 95 °C for 20 s, 45 °C for 20 s and 
72 °C for 10 s; and a final incubation at 72 °С for 5 min. To 
radiolabel DNA fragments for Southern hybridization exper- 
uments, [a-**P]dCTP was included ın the PCR reaction in place of 
unlabelled dCTP, and plasmid DNA containing cloned cyto- 
chrome c, PCR product was used as a template. DNA sequences 
were determined by the dideoxy chain termination method. 


Degenerate primers 


Primer sequences were designed on the basis of the N-terminal 
sequence of purified cytochrome c,. The upstream primer (C31, 
5'-CACGAATICGARTTYCAYGTNGARATG-2) contained 
an EcoRI recognition site and the codons for the sequence 
EFHVEM (single-letter amino acid codes). The downstream 
primer (C32, 5'-GCGAAGCTTYTTNARNGGYTCNCC-3) 
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= contained a HindIII recognition site and a sequence comp- 


lementary to the codons for the amino acid sequence GEPSK. 


Gene knock-out 


The ссіА gene encoding cytochrome c, was subcloned into pK.18 
within a 1.7kb fragment and disrupted by inserting the 
spectinomycin/streptomycin resistance cassette, isolated as a 
Hindlll fragment from pHRP310 [20] between the Bsal and 
BstXI sites, which flank the coding sequence, by blunt-end 
cloning. The disrupted cctA sequence was transferred from the 
resulting plasmid, pEG801, as a 3.4 kb Sacl-PstI fragment to 
the suicide vector pJQ200KS [21] to give the recombinant 
plasmid pEG720 This was then transferred to S. frigidimarina 
NCIMB400 by conjugation as described by Gordon et al. [7] and 
disruptants were selected on the basis of their resistance to 
streptomycin and sucrose. 

Growth ш liquid culture used Luna broth supplemented with 
15 mM formate and 50 mM Fe(II) citrate. Bottles were filled 
with this medium, leaving a minimal volume of gas, before being 
sealed and incubated at 23 °C. Cells were prepared for ferrozine 
assays by growth in the same medium but lacking Fe(II). 
Approximately 0.5 g wet weight of cells were washed in 50 mM 
Hepes, pH 7.0, and resuspended in the same buffer. The rate of 
Ее) reduction was measured in 2 ml Suba-sealed cuvettes 
containing 350 uM ferrozine and 500 4M formate in 50mM 
Hepes, pH 7.0, and with 30-100 44 aliquots of cell suspensions. 
After 5 min of preincubation, reactions were initiated by the 
addition of Fe(III) citrate to 100 nM. The appearance of 
the Fe(II) ferrozine complex was monitored by measurements 
in triplicate of 4,,,. 


RESULTS 
Protein purification and characterization 


When separating proteins from the periplasm of S. frigidimarina 
we observed an intense red band that bound very tightly to 
anion-exchange resins. This protein was purified from whole cell 
extracts by chromatography on anion-exchange and hydroxy- 
apatite columns with a typical yield of 25 mg from 100 g cell wet 
weight. The isolated protein ran as a single band on SDS/PAGE 
and retained the haem group, despite the presence of SDS, 
indicating that the protein was a c-type cytochrome. The apparent 
molecular mass on SDS/PAGE was 15 kDa, but electrospray MS 
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Figure 1 Absorbance spectra of S. frigidimarina cytochrome c, 


The protein (20 g/ml in 10 mM Tns/HCI, pH 8 4) was reduced by the addition of dithfonite 
(solid ling) or oxidized by the addibon of ferncyanide (dashed line), the absorbance was 
scanned at room temperature with a Shimadzu 1601 spectrophotometer 
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Figure 2 Midpoint potential values of cytochrome c, from 5. frigidimarina 
NCIMB400 at 26 °C 


Potentials were resolved for each of the four haems in experiments performed at several pH 
values The error in each of the values given 15 approx +15 mV 
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Figure 3 X-band EPR spectrum of oxidized 5. frigidimarina cytochrome 
€, showing a single set of g values comprising g, = 2.83, g, = 2.22 and 
g, = 1.53 


These values are similar to those from bis-histidine-ligated haem groups in other cytochromes 
6 


indicated a molecular mass of 11780 Da, in close agreement with 
the value expected from the sequence as described below. We 
presume that the protein migrates anomalously in polyacrylamide 
gels because the conformation is constrained by the haem groups. 

The purified protein exhibited typical absorbance spectra in 
the reduced and oxidized forms (Figure 1). Redox potentiometry 
of cytochrome c, by conventional methods showed that the haem 
groups titrated at low potential but individual haem potentials 
could not easily be resolved. Therefore purified cytochrome c, 
was subjected to protein-film voltammetry, permitting the res- 
olution of each of the four haem midpoint potentials (Figure 2). 
The potentials were low, titrating in the range from —250 to 
0 mV, with no significant dependence on pH. This method had 
also been used successfully with flavocytochrome c, from the 
same organism and the four haem groups of this protein titrated 
at similar potentials to those of cytochrome c, (—238, — 196, 
—146 and — 102 mV at pH 7.0) [9]. 

The EPR spectrum of oxidized cytochrome c, (Figure 3) 
indicates a single set of g values with g, = 2.83, g, = 2.22 and g, 


Shewanella cytochrome c, 195 


— 1.53. This behaviour is typical of bis-histidine-ligated haem 
groups. 

The N-terminal amino acid sequence of purified cytochrome c, 
was determined for 26 cycles as ADETLAEFHVEMGG-EN- 
HADGEPSK. Cycles 15 and 18 were apparently blank, i.e. no 
amino acid residue was detected. This would be expected if the 
residues at these positions were cysteines involved in the covalent 
attachment of one of the haem groups. 


+ 


Isolation of the gene encoding cytochrome c, 


The N-terminal amino acid sequence of the purified cytochrome 
c, was used to design degenerate oligonucleotide primers for 
PCR amplification of the coding sequence from S. frigidimarina 
genomic DNA. Restriction enzyme cleavage sites were included 
in each primer to facilitate the cloning of the resulting products. 
Two rounds of PCR were used to amplify the fragment of DNA 
encoding the N-terminus of the protein. A single product of the 
expected size (72 bp) was observed in the reactions. This band 
was excised from a 295 (w/v) agarose gel and purified with a 
Qiaex gel extraction kit. After digestion with EcoRI and Hindlll, 
the DNA was repurified, again with Qiaex. The resulting DNA 
was then ligated into the vector pTZ19r [22], which had been 
cut with the same enzymes. Putative recombinant colonies 
[white on plates containing 5-bromo-4-chloroindol-3-y! f-p- 
galactopyranoside (‘X-Gal’) and isopropyl f-p-thiogalactoside 
(‘IPTG’)] were isolated and the plasmid inserts were sequenced. 
Plasmid DNA from one of the positive clones was then used as 
a template to synthesize ап [a-"P]dCTP-labelled probe, which 
was then used to probe a Southern blot of S. frigidimarina DNA 
digested with various restriction enzymes. A positive hybrid- 
ization signal was seen for 4 kb Nsil-digested fragments. Bands 
of this size range were purified from a similar gel and cloned into 
Pstl-cut pTZ18r to form a library. From 800 screened colonies, 
two positive clones were isolated. The DNA sequence of the 
insert in one of the positive recombinant plasmids, pEG700, was 
then determined (Figure 4). 


Sequence analysis 


The coding sequence of the ссїА gene is 272 bp, including а 
putative signal sequence of 25 residues. Three consecutive ATG 
codons were found preceding the sequence encoding the N- 
terminus of purified cytochrome c, However, the predicted 
sequence from any of these as the initiation codon did not fit the 
pattern for N-terminal secretory signal sequences that are charac- 
teristic of periplasmic proteins. It seems most likely that trans- 
lation was initiated at a GTG codon (Figure 4), predicting a 
typical signal sequence of 25 residues with a basic N-terminus 
and a long hydrophobic segment [23]. A putative ribosome- 
binding site (in capitals in Figure 4) was located just 9 bp away 
from this GTG codon, consistent with this being the site of 
translation initiation. 

Examination of the DNA sequence immediately downstream 
of the translational stop codon revealed a region with similarity 
to bacterial rho-independent transcriptional terminators, 
implying that the cct4 gene was not co-transcribed with any 
other coding sequence. Indeed, Northern blot hybridization 
analysis of total RNA extracted from S. frigidimarina cells 
suggested that the cct4 mRNA was in the range of 400—600 bp 
in length (results not shown). 

Sequencing downstream of the cctA gene revealed a coding 
sequence in the same orientation as cctÁ that encoded a putative 
protein product with extensive similarity to nitrate and formate 
reductases, both of which contain a molybdenum cofactor. This 
reading frame was particularly closely related to the assimilatory 
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T 


tattgtcagttaatttgagattgtttataaatctttgatagacogtttataaacaaagtt 


61 gttgaataacccttaagcaaagtgtogtgttgcagtgtgatgatccgcgtcagataaaag 


M S NW K L L S A L 
121 &s&tgcggacacacactaaattOGAGGaatgaatagtgagcaataaactactaagtgcatt 


F A A G F A V M M M S 8 A SB РА A L.E I 
181 gtttgoggctggtttogoggtaatgatgatgtoattctgcatcatttgctgctgatgagac 


ША E F.HVEH QGCcCRNC 4 А р 98Р 
241 cctogcagagtttcacgttgaaatgggtggctgtgaaaactgtcacgctgatggtqaacc 


В KF D G AX EF EQ CQ sc HG S LAE 
301 atcagBaagatggcgcttatgantttgaacaatgtcaaagttgtcatggttcactagctga 


M D D N HK Р Н РЬЫ Ө L 1} М С АР СЄ Н A > Р 
361 satggatgstaaccataagccacatgatgggttacttatgtgtgctgattgtcatgocgcc 


E E A К VG РЁ КР TCDTCHDDGRT 
421 acatgqaagcaaaagtaggcqaaaagccaacatytgatacatgecacgatgatgygccgtac 


A K * 
481 tgcaaaataagttatcttagatagcttgaaaataccgacataatgtocggtatttttgttt 








541 ttaüttcctcaagagtatacatctcacttttatttttatacctctttataggtatttaaag 


Figure 4 DNA sequence of the cctA gene from S. putrefaciens 


The Inferred protein sequence is shown above the DNA sequence Underlined amino acids 
Indicate thosa determined by N-terminal sequencing of рипіва cytochrome c, A putative 
nbosome-binding site is shown in capitals, DNA sequences similar to a rho-independent 
terminator are overlined. 


nitrate reductases (41 % identity with a cyanobactertal sequence) 
(Figure 5A), which are cytoplasmic enzymes involved in the 
utilization of nitrate as a nitrogen source. The nitrate reductase 
initiation codon was 285 base pairs downstream from the 
cytochrome c, gene termination codon. Upstream of cctA was a 
further reading frame in the same orientation as the ccfA gene. 
This showed extensive simuarity to 3-hydroxyisobutyrate de- 
hydrogenases (31 % identical with the E. coli sequence) (Figure 
5B) which, in bacteria, are cytoplasmic, NAD*-dependent 
enzymes required for valine catabolism. There was a gap of 
395 bp between this reading frame and the cytochrome c, coding 
sequence. These sequences are not shown here but are included 
in the EMBL database entry. The observation that the cyto- 
chrome c, gene was flanked by coding sequences clearly unrelated 
to anaerobic respiration indicates that cctA ıs likely to be 
transcribed as a monocistronic RNA 


Predicted sequence of cytochrome c, 


Tbe mature cytochrome c, consists of only 86 amino acid 
residues with a predicted molecular mass of 9316 Da excluding 
the haem groups. The attachment of four haems would result in 
a molecular mass of 11780 Da; this was the value obtained by 
MS of the purified protein. Cytochrome c, 1s an extremely acidic 
protein with a net charge of —14 (10 Asp, 10 Glu, 5 Lys and 1 
Arg). In the fully oxidized state the holoprotein has a net charge 
of — 10. The eight Cys and eight His residues are presumably ail 
involved in haem attachment and ligation. 

The cytochrome c, amino acid sequence was compared with 
sequences in the available databases. The only clear similarity 
was seen to other proteins from Shewanella or closely related 
organisms: the cytochrome domains of the two S. frigidimarina 
flavocytochromes c, [4,24], the related flavocytochrome c, from 
S. oneidensis MR-1 [25] and cytochromes c, from S. oneidensis 
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Figure 5 Alignments of the polypeptide sequences predicted by the reading 
frames flanking the ectA sequance with close relatives 


(A) The reading frame downstream of сс/А (bottom row.of each pair) aligned with the sequence 
of rutrate reductase from Synechococcus sp (top row of each pair, Swissprot entry NARB- 
SYNP7 [31]) (B) The reading frame upstream of ccfA (bottom row) aligned with the sequence 
of 3-hydroxyrsobutyrate dehydrogenase from Escheric/va col (top row of each pair, Swissprot 
entry YHAE-ECOL! [32]} The alignments were produced-with ClustalW 


MR-1 [26] and the organism HIR [27]. These sequences are 
aligned in Figure 6 and show a considerable degree of similarity. 
The relationship with cytochromes c, from Desulfovibrio species 
1s much more distant and no significant similarity 1s observed 
outside the haem attachment sites (CX XCH) conserved in all 
c-type cytochromes. 


Gene disruption 


No clues to the function of cytochrome c, were obtained from its 
location 1n the genome (it is not encoded within an operon); we 
therefore constructed a null mutant to examine the phenotypic 
consequences of the lack of this protein. This was achieved by 
replacing the cytochrome c, coding sequence of S. frigidimarina 
NCIMB400 with a streptomycin/spectinomycin resistance 
cassette by homologous recombination. The presence of the 
expected gene disruption was verified by Southern blot hybrid- 
ization; the ability of the resultant strain, AH301, to utilize a 
range of electron acceptors for anaerobic respiration was de- 
termined by following growth on plates and in liquid culture. 
The ability of AH301 to utilize nitrate, nitrite, trimethylamine 
N-oxide, DMSO, fumarate, tetrathionite and sulphite were 
indistinguishable from that of the parent strain, indicating that 
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$hf -ADETLAEFHVEMGGCEMCHADG-—-EPSKDGAYEFEQCQRCEGSLAEMDD--N-—---- 48 
H1R —RADVLADMMAEMSGCETCHEADG- — —APSEDGAHEAMACADCHGGLADMEA—-P-————— 47 
Fco —ADKLAEFHVONOECDSCEIPD-GÉLSHDSLTYENTQCVBCHGTLAEVAETTKHEHYNA 57 
Ife —— —}G3 PHADMGS COSCHAKP ~ I KVT- DSETHEHAQCKSCHGEYAELAN—DKLQEDP 51 
Mrf AAPEVLADFMGEMGGCDSCHVSDKGGVTMDALTHENGNCVECHGDLKELAAAAPKDKVSP 60 
HRI -ADQKLSDFHAESGGCESCRE- — - 19 
Sh? MK PHDG~ LLMCADCHAPREAKVGEKPTCDTCEDDGRTAK -—-——--— 86 
HIR HPAHDG-MLECTDCHMMHEDEVGS RP ACDACHDDGRTA- — -—-—-- 84 
Foo VYCDSCHSFDFN-MPYAKK--- 97 
Ifc WMSHLG-DINCTSCHKGHEEPK-—-FYCHECHSFDIKPMPFSDAKKK 94 
Mrf MKSHLI — AYCDACHSFGFD-MPFGGK--- 100 





Figure 6 Alignment of amino acid sequences of cytochrome c, from S. 

(Shf) with the corresponding protein from the phototroph H1R 
(H1R), partial sequences of flavocytochrome c, and Its lron-Indoced 
isoenzyme from S. /rigidimarina (Fee and Нс respectively) and the 
flavocytochrome c, from S. onefdensis MR-1 (МИ) corresponding to 
the tetrahaem cytochrome c domain and with the N-terminal sequence of 
cytochrome c, from 5. oneidensis MR-1 (MR1) 


The haem attachment sites (CXXCH) and the histidine ligands to the haem irons are shown In 
bold 
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Figure7 Reduction of Fe(llI) by S. frigfdimarina NCIMB400 and AH301(Ac,) 


Cells grown anaerobically were washed in 50 mM Hepes, pH 7 0, and resuspended in the same 
buffer Equivalent allquots from NCIMB400 (@) and AH301 (A) ware mixed anaerobically 
with 50 mM Hepes containing 500 uM formate and 100 aM Fo(ill) citrate The increase in Ace, 
was followed and used to calculate the Fe(II) concentration. Measurements were performed in 
inplicate 


cytochrome c, is not required for electron transfer to these 
oxidants. In contrast, growth with Ее) citrate was clearly 
impaired. After an anaerobic incubation for 2 weeks at 23 °C in 
medium containing 15 mM formate and 50 mM iron (III) citrate, 
the parent strain, NCIMB400, grew well and completely reduced 
the iron to Fe(II), whereas the mutant AH301 substantially 
failed to dissimilate the iron, as judged by the colour of the 
medium. Growth of the mutant was greatly impaired, with 
the maximal attenuance being less than 35% of that achieved 
by the wild-type parent strain. This level of growth might not 
have required Fe(III) reduction because a small amount of yeast 
extract was added; growth was extremely slow if this was 
omitted. To measure Fe(III) reduction more directly, we grew 
cultures anaerobically in the absence of Pe(IIT); the ability of 
whole cells to reduce Fe(II) was then determined spectro- 
photometrically with a ferrozine assay to detect Fe(II production 
(Figure 7) Ferrozine forms a complex with Fe(II), with a strong 
absorbance maximum at 562 nm. These assays clearly showed 
that deletion of the cytochrome c, gene severely impairs the 


ability of S. frigidynarina to reduce Fe(IIT), although a low level 
of Fe(II) production remained in AH301. 


DISCUSSION 


During anaerobic growth, S. frigidimarina synthesizes several 
cytochromes that are absent when O, 1s available. One of these 
is a small acidic cytochrome that we have shown to contain four 
haem groups on the basis of absorption coefficients and the 
presence of four typical c-type haem attachment sites (CX XCH) 
in the predicted amino acid sequence. This protein shares several 
properties, including midpoint reduction potentials and bis- 
histidine hgation, with the cytochromes c, from sulphate reducers. 
We have therefore classified the S. frigidimarina protein also as 
a cytochrome c,. 

The sequence of the cctA gene encoding cytochrome c, failed 
to provide further clues to the function of this protein. Many 
respiratory proteins in bacteria are encoded in operons and are 
co-expressed with functionally related proteins. The cytochrome 
c, from S. frigidimarina NCIMB400 is produced from a small 
monocistronic RNA and the cctA gene is flanked by sequences 
encoding cytoplasmic enzymes with functions unrelated to an- 
aerobic electron transfer. 

The low reduction potential of this protein and its production 
only during anaerobiosis indicate that it is most probably 
involved in one or more pathways of anaerobic respiration. To 
address its possible function we constructed a cytochrome c, null 
mutant and showed that it has a greatly impaired ability to 
reduce Fe(III) to Fe(II), indicating that cytochrome c, 1s involved 
in the electron transfer to this respiratory oxidant. Other com- 
ponents of this pathway remain to be characterized, although an 
outer-membrane decahaem cytochrome c has been identified in 
the related freshwater Shewanella, S. oneidensis MR-1, as a 
component of an operon that is required for Fe(IIT) respiration 
[28], as has the inner-membrane tetrahaem cytochrome, CymA 
[29]. It is possible that cytochrome c, shuttles electrons across the 
periplasm between these two proteins. 

A small cytochrome c, has also been isolated from S. oneidensis 
MR-1 (previously S. putrefaciens [30]). The spectroscopic and 
redox properties of this protein are similar to those of the 
cytochrome с, from 5. frigidumarina NCIMB400 but the N- 
terminal sequences [26] show considerable divergence (Figure 6). 
These sequence differences could reflect different functions for 
these two proteins or might simply be indicative of a rather 
distant relationship between the two Shewanella strains, perhaps 
reflected in their different habitats. Furthermore, the genetic 
context of the cytochrome c,-coding sequence in the two 
Shewanella species 1s quite different. In S. frigidimarina ıt is 
flanked by genes apparently encoding 3-hydroxyisobutyrate 
dehydrogenase and an assimilatory nitrate reductase, whereas in 
MR-1 the flanking genes encode homologues of HtpX heat- 
shock protease and a hydrogenase cytochrome b subunit. The 
MR-1 DNA sequence is available at www.tigr.org and this 
organism seems to encode only one genuine homologue of the 
cytochrome c, from S. frigidimarina. 

The close relationship between cytochrome c, and the cyto- 
chrome domain of flavocytochrome c, from the same organism, 
S. frigidimarina NCIMB400, indicates a relatively recent dupli- 
cation of this sequence. No organisms other than Shewanella 
spp. have been shown to contain a flavocytochrome c, type of 
fumarate reductase and it is probable that this protein arose by 
the fusion of an FrdA sequence (encoding the flavoprotein 
subunit of a typical membrane-bound bacterial fumarate re- 
ductase) with a cytochrome c,-coding sequence. The physical 
and spectroscopic properties of cytochrome c, and the cyto- 


© 2000 Biochemical Society 


158 E. H. J. Gordon and others 


chrome domain of flavocytochrome c, are very similar but their 
functions are quite different. We have shown previously by gene 
disruption that flavocytochrome c, is clearly required for 
fumarate reduction but not for other electron transfer pathways 
[7]. The small cytochrome c, 1s, in contrast, involved in electron 
transfer to Fe(III). 


We thank Andy Cronshaw (Welmet Protein Characterisation Facility, University of 
Edinburgh) and Phil Jackson for help with the N-terminal sequencing, Fraser 
Armstrong for help with the protein-film voltammetry, John Ingledew for help and 
guidance with the EPR spectroscopy, and Richard Ambler for advice and information 
This work was funded by the Biotechnology and Biological Sciences Research 
Council. 


REFERENCES 


1 Myers, С R and Nealson, К Н (1988) Bacterial manganese reduction and growth 
with manganess oxide as a sole electron acceptor Science 240, 1319-1321 
2  Mealson, K H and Saffanni, D A (1994) iron and manganese in anasrobic 
respiration. environmental significance, physiology, and regulation Annu Rev 
Microbiol 48, 311—343 
3 Myers, С R and Myers, J M (1992): Localization of cytochromes to the outer- 
membrane of anaerobically grown Shewanella putrefaciens MB-1. J. Васівпо! 174, 
3429—3438 
4 Mors, С J, Gibson, D. M and Ward, Р B (1990) influence of respiratory substrate 
on the cytochrome content of Shewanella putrefaciens FEMS Microbiol Lett 69, 
259—262 
5  Pealing, 5 L, Black, А C, Manson, F. D, C, Ward, F B, Chapman, 5. К and Rem, 
б А (1992) Sequence of the gene encoding flavocytochrome c from Shewanells 
putrefaciens a tetraheme tlavoenzyme that is a fumarate reductase related to the 
membrane-bound enzymes from other bacteria Biochemistry 31, 12132-12140 
6 Morns, С J, Black, A C, Pealing, S. L, Manson, F D C, Chapman, 5. K., Reid, 
G A, Gibson, D M and Ward, F B (1994) Punficatton and properties of a novel 
cytochrome — flavocytochrome с from Shewanells pulrefaciens Biochem J 302, 
587—593 
7 Gordon, E H J, Pealing, S L, Chapman, S K, Ward, F B and Reid, G A. (1998) 
Physiological funchon and regulation of flavocytochrome c, the soluble fumarate 
reductase from Shewanella putrelacrens NCIMB400 Microbiology 144, 937—945 
8 Pealing, S L, Cheesman, M R, Вей, G A, Thomson, A J, Ward, F B and 
Chapman, 5. К (1995) Spectroscopic and kinetic-studies of tha tetraheme 
flavocytochrome-c from Shewanella putrefaciens NCIMB400 Biochemistry 34, 
6153—6161 
9 Tumer, К L, Doherty, М К, Heering, Н A, Armstrong, F A, Reid, G А and 
Chapman, 5 К (1999) Redox properties of flavocytochrome c, from Shewanella 
Ingidimanna NCIMB400 Biochemistry 38, 3302—3309 
10 Pealing, 5 L, Lysek, D A, Taylor, P, Alexesv, D, Reid, G A, Chapman, 5. К. and 
Walkinshaw, M D (1999) Crystallization and preliminary X-ray analysis of 
flavocytochrome c, the fumarate reductase from Shewanella frgidimanna J Struct 
Blot 127, 76--78 
11 Tayler, P, Pealing, S L, Reid, G A, Chapman, 5 К and Walkinshaw, M D (1999) 
Structural and mechanishc mapping of a unique fumarate reductase Nat Struct Biol 
8, 1108—1112 
12 Ambler, R P. (1982) Structure and classiftcatian of cytochromes c. in From 
Cyclotrons to Cytochromes (Kaplan, N 0. and Robinson, A B., eds), pp 263—280, 
Academic Press, New Yark 


Received 24 January 2000/20 March 2000, accepted 10 Apni 2000 


© 2000 Biochemical Society 


13 


14 


15 


16 


24 


29 


26 


28 


31 


32 


Higuchi, Y, Kusunoki, M., Yasuoka, М, Kakudo, M and Yagi, T (1981) On 
cytochrome с, folding J Biochem (Tokyo) 80, 1715-1723 

Meyer, T E (1995) Evolution and classification of ctype cytochromes іп Cytochrome 
c a Multidisciplinary Approach (Scott, R. A. and Mauk, A G, eds), pp 33—89, 
University Science Books, Sausalito, CA 

Louth, М, Gueriesquin, F., Bianco, P, Haladjian, J and Bruschi, М (1989) 
Comparative studies of polyhemic cytochromes с rsolated from Desuffovibno vulgaris 
(Hildenborough) and Desulfovibrio vulgans (Norway) Biochem Blophys Res 
Commun 159, 670-676 

Pollock, W B R, Loutfi, M, Bruschi, М, Rapp-Glles, B. J, Wall, J D. and 
Voordouw, G (1991) Cloning, sequencing and expression of the gene encoding the 
high molecular weight cytochrome с from Desulfovibnio vulgans Hildenborough. 

J Bacteriol 173, 220—228 

Hayes, J D, Kerr, L A and Cronshaw, A D (1989) Evidence that glutathione S- 
transferase B1B1 and S-transferase B2B2 are the products of separate genes and 
that their expression in human Inver 15 subject to Inter-indradual variation molecular 
relationships between the B1 subunits and other a-class glutathione S-transferase 
Biochem J 264, 437—445 

Sambrook, J, Fntsch, E F and Maniatis, T (1989) Molecular Cloning A Laboratory 
Manual, 2nd edn, Cold Spnng Harbor Laboratory, Cold Spring Harbor, NY 

Sanger, Е, Nicklen, 5 and Coulson, A В (1977) DNA sequencing with chain 
terminating inhibitors. Proc Май, Acad Sci USA. 74, 5463-5467 

Parales, А Е and Harwood, С S (1993) Construction and use of a new broad-host- 
range /9с2 transcriptional fusion vector, pHRP309, for Gram" bacteria. Gene 133, 
23-30 

Quandt, J. and Hynes, M F (1993) Versatile suicide vectors which allow direct 
selection for gene replacement in Gram negative bacteria. Gene 127, 15—21 

Mead, D A, Szezesna-Skorpa, E and Kemper, В (1986) Single-stranded DNA ‘blue’ 
T7 promoter plasmids A versatile promoter system for cloning and protein 
engineering. Protein Eng 1, 67—74 

Nielsen, Н, Engelbrecht, J, Brunak, 5 and von Haine, G (1997) Identification of 
prokaryotic and eukaryotic signal peptides and prediction of their cleavage sites 
Protein Eng 18, 1-6 

Dobbin, P. S., Butt, М, Powell, A K, Reid, б. A and Richardson, D J (1999) 
Characterisaton of a flavocytochrome that is induced during the anaerobic respiration 
of Felli) by Shewanella fngidimarina NCIMB400. Biochem J 342, 439-448 

Leys, D, Tsapin, A 5, Nealson, К H, Meyer, T. E, Cusanovich, M A and van 
Beeumen, J J (1999) Structure and mechanism of the flavocytochrome c fumarate 
reductase of Shewenella pulrefacians MR-1 Nat Struct Вю 6, 1113-1117 

Tsapin, А |, Nealson, К H, Meyer, Т, Cusanovich, М А, van Beeumen, J, Crosby, 
L D, Feinberg, B. A and Zhang, С (1997) Punfication and properties of a low-redox- 
potential tetraheme cytochrome c3 from Shewanella Pulrefaciens J Васівгюі. 178, 
6386—6388 

Ambler, А Р (1991) Sequence vanability in bacterial cytochromes с Blochim 
Biophys Acta 1058, 42—47 

Beliaev, А. S and Saffanni, D A (1998) Shewanella putrefacrens MtrB encodes an 
outer membrane protein required for КеП) and Mn(IV) reduction J Bacterio! 180, 
6292—6297 

Myers, С А and Myers, J М (1997) Cloning and sequence of CymA, a gene 
encoding а tetraheme cytochrome c required for reduction of iron(iil), fumarate, and 
nitrate by Shewsnells putrefaciens MR-1 J Васівпо! 179, 1143—1152 
Venkateswaran, K, Moser, D P, Dollhopf, M E, Lies, D P, Saffanni, D A, 
MacGregor, В J, Ringelberg, D B, White, D. C, Nishiima, M, Sano, Н et al 
(1999) Polyphasic taxonomy of the genus Shewanells and description of Shewanella 
Oneidansis sp nov int J Syst Васіепо! 49, 705—724 

Omata, Т, Andriesse, X and Hirano, A (1993) Idenirfication and charactenzation of a 
gene cluster involved in nitrate transport in the cyanobactenum Synechococcus SP- 
PCC7942, Mol Gen Genet. 238, 193—202 

Komine, Y and Inokuchl, Н (1991) Precise mapping of ће AnpB gene encoding the 
RNA component of Rnase Р In £Eschenciua сой K-12 J Bactenol 173, 1813—1816 


Biochem J. (2000) 349, 159—167 (Printed in Great Britain) 


159 





Identification of three human type-II classic cadherins and frequent 
heterophillc interactions between different subclasses of type-II 


classic cadherins 


Yutaka SHIMOYAMA*!, Gozoh TSUJIMOTOT, Masaki KITAJIMAT and Michiya МАТОВІ“ 


*Departments of Surgery and Clinica! Research, National Okura Hospital, 2-10-1 Okura, Setagaya-ku, Tokyo 157-8535, Japan, Department of Molecular Cell 
Pharmacology, National Children’s Medical Research Center, 3-35-31 Talshido, Setagaya-ku, Tokyo 154-8509, Japan, and {Department of Surgery, Schoo! of Medicine, 


Keio University, 35 Shinanomachi, Shinjuku-ku, Tokyo 160-8582, Japan 


We identified three novel human type-II classic cadherins, 
cadherin-7, -9 and -10, by cDNA cloning and sequencing, and 
confirmed that they interact with catenins and function in cell-cell 
adhesion as do other classic cadherins. Cell-cell binding activities 
of the eight human type-I classic cadherins, including the three 
new molecules, were evaluated by long-term cell-aggregation 
experiments using mouse L fibroblast clones transfected with the 
individual cadherins. The experiments indicated that all the type- 
II cadherins appeared to possess similar binding strength, which 
was virtually equivalent to that of E-cadherin. We next examined 
the binding specificities of the type-II cadherins using the 
mixed cell-aggregation assay. Although all of the type-I 
cadherins exhibited binding specificities distinct from that of 


E-cadherin, heterophilic interactions ranging from incomplete to 
complete were frequently observed among them. The com- 
binations of cadherin-6 and -9, cadherin-7 and -14, cadherin-8 
and -11, and cadberin-9 and -10 interacted in a complete 
manner, and in particular cadherin-7 and -14, and cadherin-8 
апа -11 showed an indistunguishable binding specificity against 
other cadherin subclasses, at least in this assay system. Although 
these data were obtained from an in vitro study, they should 
be useful for understanding cadherin-mediated mechanisms of 
development, morphogenesis and cell-cell interactions ín vivo. 


Key words: binding specificity, catenin, cell-cell adhesion, L cell. 





INTRODUCTION 


Classic cadherins are Ca**-dependent cell-cell adhesion mole- 
cules. They are transmembrane glycoproteins that consist of a 
signal peptide and a prosequence, which are both removed by 
intracellular proteolytic processing, a long extracellular domain, 
one transmembrane domain, and a rather short and highly 
conserved cytoplasmic domain. The cytoplasmic domain is 
essential for association with catenins, the ensuing linkage to the 
cytoskeleton, and full functioning as a cell-cell adhesion molecule 
[1—5]. The extracellular domain of classic cadherins serves as an 
interface responsible for cell-cell binding and determination of 
binding specificity, and can be divided into five homologous 
subdomains [6], which are also called cadherin repeats. Recent 
structural analyses have revealed that these subdomains indeed 
form structural units and also that the dimerization of the 
extracellular domain, especially the first subdomain, is crucially 
important for adhesive activity [7—9]. In the last decade, numerous 
molecules sharing this subdomain structure have been discovered, 
and it is generally accepted that these molecules constitute a large 
gene family, the cadherin superfamily [10]. Apart from the classic 
cadherins, however, the exact biological functions of these newly 
identified cadherins remain elusive. 

Many classic cadherin molecules have been discovered in 
various vertebrates. With respect to human classic cadherins, 11 


independent molecules have been identified so far by full cDNA 
cloning and sequencing analyses; these are E-, N- and P-cadherin, 
and cadherin-4 (R-cadherin), -5 (V-cadherin), -6 (K-cadherin), - 
8, -11 (OB-cadherin), -12, -14 and -15 [11-19]. On the basis of 
their overall similarities, and the conservation of several motifs 
and aromatic amino acid residues in the extracellular domains, 
suzuki et al. [13] first proposed grouping the classic cadherins 
into two subgroups, type I and type II. At present, however, we 
consider that the human classic cadherins can be divided into 
more than two groups: type I, which includes E-, N- and P- 
cadherins and cadherin-4, type II, which includes cadherin-6, -8, 
-11, -12 and -14, and the others, cadherin-5 and -15, which do 
not show high similarities to either type-I or type-II cadherins, 
or to each other [19]. No subclasses with high similarity to 
cadherin-5 or -15 have been identified so far in humans. 

As compared with non-classic-type cadherins, classic cadherins 
have been well characterized both functionally and structurally. 
However, most of these characteristics have been based on type- 
I classic cadherins, especially E- and N-cadherin, and it remains 
uncertain whether the charactenstics of the type-I classic cad- 
herins are true of the non-type-I classic cadherins. As for cell-cell 
binding activity, it has been suggested that some of the non-type- 
I classic cadherins mediate weaker cell-cell adhesion than do the 
type-I cadherins, since they are expressed 1n loosely associated 
cells [20]. It has also been reported that cadherin-5 and -8 did not 


Abbreviations used CMFDA, 5-chloromethylfluorescein diacetate, Dil, 1,1^-dioctadecyl-3,3,3',3"-tetramethyllndocarbocyanine perchlorate, DMEM, 


Dulbecco's modified Eagle's medium, EC, extracellular subdomain 
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show significant cell-adhesion activity in cell-aggregation experi- 
ments [21,22]. These observations have led us to investigate the 
molecular nature of the non-type-I classic cadherins, and compare 
it with that of the type-I cadherins. We recently identified three 
human non-type-I classic cadherins, cadherin-6, -14 and -15, and 
characterized them using an L fibroblast cDNA transfection 
system [17—19,23]. In order to evaluate the binding strength of 
each cadherin as precisely as possible, we employed a long-term 
cell-aggregation assay focusing particularly on the expression 
level of f-catenin by the cadherin-transfected L cells, and reached 
the conclusion that all three non-type-I cadherins possess cell-cell 
binding activity similar to that of E-cadherin [19,23]. We found, 
however, that unlike type-I cadherins they were not protected by 
Ca** from trypsin degradation [19,23], although resistance to 
trypsin in the presence of Ca** had been considered as one of the 
characteristic features of classic cadherins [1] 

As mentioned above, 11 classic cadherin molecules, including 
four type-I cadherins, five type-I] cadherins and two non-type-I 
or -I cadherins, have been identified in humans. In addition, it 
is hkely that there are at least three type-II cadherin molecules in 
humans, cadherin-7, -9 and -10, of which the full sequences are 
not yet available [13]. In order to analyse and clarify the molecular 
features of non-type-l, especially type-II, classic cadherins, in 
this study we first determined the full coding sequences of these 
three human cadherin molecules. We then assessed the cell-cell 
binding activities of all the eight human type-II cadherins using 
an L fibroblast cDNA transfection system and a long-term cell- 
aggregation assay. All of the cadherins exhibited cell-cell binding 
activity comparable with that of E-cadherin. Moreover, we 
frequently observed cross-reactivity of the type-II cadherins, 
which was incomplete or complete depending on the particular 
combination. 


EXPERIMENTAL 
cDNA cloning and DNA sequence analysts 


To obtain cDNA fragments of human cadherin-9 and -10, 
degenerative reverse transcriptase PCR was performed using 
human brain poly(A)* RNA (Clontech, Palo Alto, CA, U.S.A.) 
as described previously [17]. The PCR products were subcloned 
into pCR*2.1 using a TA Cloning? kit (Invitrogen, San Diego, 
CA, U.S.A.). Clones were sequenced one by one, and those that 
corresponded with the partial nucleotide sequences of cadherin- 
9 and -10 reported previously [13] were selected. These clones 
were re-amplified by PCR with [«-**PjJdCTP, and used as probes 
for the following cDNA clonings. A human fetal brain Un- 
ZAP® XR cDNA library (Stratagene, La Jolla, CA, U.S.A., 
which was prepared from a pool of male and female whole brain 
samples ranging from 19 to 23 weeks of gestational age, was 
screened using the above probes by a plaque-hybridization 
technique as described previously [11], and positive clones were 
plaque-purified. The cDNA sequences of both ends of the inserts 
were determined by an ABI Prism? 377 DNA sequencer (Perkin- 
Elmer, Foster City, CA, U.S.A.) using a Dye Primer Cycle 


Sequencing kit (Perkin-Elmer), and compared with the cDNA - 


sequences of known human classic cadherins. cDNA. clones 
considered to contain start codons for complete forms of.classic 
cadherins and to be of sufficient length were selected, and their 
entire nucleotide sequences were determined The sequences were 
determined on both strands by an ABI Prism* 377 DNA 
sequencer using oligonucleotide primers that annealed the 
cDNAs and a Pnsm® Ready Reaction Terminator Cycle 
Sequencing kit (Perkin-Elmer) 

For cDNA cloning of human cadherin-7, we utilized chicken 
cadherin-7 cDNA [24], which we expected to cross-hybridize 
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with the human homologue. We first obtained a 223-bp fragment 
of chicken cadherin-7 cDNA corresponding to nucleotide 
positions 429—651 of the reported cDNA [24], which encodes the 
signal peptide and precursor region, by PCR using chicken brain 
QUICK-Clone® cDNA (Clontech) as a template. The fragment 
was re-amplified by PCR using the same primer set with 
[x-P]dCTP, and used as a probe to screen the above cDNA 
library. A positive clone was plaque-purified, and sequenced as 
described above. 

Other cDNAs of known human type-II cadherins, except for 
cadherin-6 and -14, for which we have already reported the 
cDNA cloning and sequencing [17,18], were obtained as follows. 
For cadherin-8 and -12, we prepared radiolabelled PCR probes 
referring to the previously reported cDNA sequences [16] as we 
did for the cadherin-7 cloning, and cloned each cDNA containing 
the entire coding sequence from the same library as above. For 
cadherin-11, a 2493-bp cDNA containing the whole coding 
region corresponding to nucleotide positions 381-2873 of the 
reported cDNA [15] was amplified by reverse transcriptase PCR 
from poly(A)* RNA of MRC-5 cells, a normal human fibroblast 
strain derived from embryonic lung [25] These cadherin cDNAs 
were also sequenced on both strands as mentioned above to 
confirm their integrity. 

Nucleotide and deduced amino acid sequences were analysed 
using the GeneWorks software package (IntelliGenetics, Moun- 
tain View, CA, U.S.A.). 


Expression-vector construction and transfection 


For cadherin-6 and -14, we have already reported construction 
of the expression vectors and the establishment of L transfectant 
clones [23]. The transfectant clones designated L6-33 and L144, 
which express human cadherin-6 and -14, respectively, were also 
used in this study. To express other human type-II classic 
cadherins in mouse L fibroblasts that lack cadherin-mediated 
cell-cell adhesion activity [26] and to analyse the cell-cell 
adhesion properties of each cadherin, expression vectors were 
constructed by introducing each cadherin cDNA containing 
the entire open reading frame into the multicloning site of 
an expression vector pBAX [23] in the mght direction The 
resulting expression vectors were cleaved by digestion with Beg/II, 
Poul or Scal, and used for the following transfection. 

Transfection of the expression vectors into L cells was per- 
formed using Lipofectamine® reagent (Life Technologies, 
Gaithersburg, MD, U.S.A.) according to the manufacturer’s 
instructions. The transfected cells were selected 1n Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 10 % calf 
serum in the presence of 400 ug/ml G418 in a humidified 
atmosphere comprising 5% CO,/95% ai at 37 °C for about 2 
weeks Then, the G418-resistant colonies were 1solated, screened 
for cadherin expression, and maintained under the same con- 
ditions. 


Immunoblotting and Immunoprecipitation 


Immunoblotting of f-catenin and immunoprecipitation of the 
cadherin—catenin complex from cadherin-transfected L cells were 
performed as described previously [19,23] using an anti-f-catenin 
monoclonal antibody (Transduction Laboratories, Lexington, 
KY, U.S.A.) 


Long-term cell-aggregation assay 


Completely dispersed cell suspensions were obtained by treating 
the cells with PBS containing 0.05% trypsin and 0.02% EDTA 
at 37 °C for 15 min. The cells were washed twice with DMEM 
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supplemented with 10% calf serum, and then resuspended in 
DMEM supplemented with 10% calf serum and 70 units/ml 
DNase I (Takara, Shiga, Japan) at a cell density of 2x 10* 
cells/ml. The cell suspensions were added to a 24-well plastic 
plate (105 cells in 0.5 ml per well; Ultra Low Cluster, Corning 
Costar, Cambndge, MA, U.S.A.) and allowed to aggregate at 
37?C for 48h at 100 rev./min in a humidified atmosphere 
comprising 5% CO,/95% ат. 

To examine the heterotypic interactions between the cadherin 
subclasses, mixed cell-type aggregation experiments were per- 
formed using two transfectant cell lines expressing different 
cadherins; one line was labelled with 40 ug/ml 1,1'-dioctadecyl- 
3,3,3 ,3'"-tetramethylindocarbocyanine perchlorate (Dil; Mole- 
cular Probes, Eugene, OR, U.S.A.) in DMEM supplemented 
with 10% calf serum or 10 4M 5-chloromethylfluorescein di- 
acetate (CMFDA; Molecular Probes) in serum-free DMEM for 
] h, and the other was unlabelled. The cells were suspended as 
described above and equal numbers of cells of the two cell lines 
(5 x 10* in 0.25 ml each) were mixed, and allowed to aggregate 
for 12 h as described above. 


RESULTS 


cDNA cloning and sequence analysis of human cadherin-7, -9 
and -10 


cDNA clones for cadherin-7, -9 or -10, which appeared to have 
the complete coding regions as compared with the cDNA 
sequences of known human classic cadherins, were isolated 
These clones were subjected to full DNA sequence analysis The 
cadhern-7 cDNA consisted of 2828 nucleotides covering the 
complete coding region for the classic cadherin, and a poly(A)* 
tail. The deduced amino acid sequence comprised 785 amino acid 
residues. The N-terminal 47 amino acids were predicted to be 
removed by signal peptidases and endopeptidases [23], and the 
resulting mature form of 738 amino acids, which was predicted 
to be expressed on the cell surface and to function as a cell-cell 
adhesion connector, had the complete features of the type-II 
classic cadherin. The cadherin-9 and -10 cDNA clones consisted 
of 3060 and 3261 nucleotides, respectively, with poly(A)* tails, 
and also encoded complete forms of the typical type-II classic 
cadherin. The amino acid sequences of cadherin-7 and -10 
exhibited high homologies, 94 and 96%, with those of the 
reported chicken cadherin-7 [24] and -10 [27], respectively, 
indicating that these clones indeed encode human cadherin-7 and 
-10 The deduced amino acid sequences of the putative mature 
forms after post-transcriptional proteolytic processing are shown 
in Figure 1 together with those of other human type-II classic 
cadherins. Besides the above clones, we also isolated several 
cDNA clones for cadherin-9 and -10, which appeared to encode 
various truncated forms (results not shown). These are under 
investigation. 


Comparison of deduced amino acid sequences of human type-li 
classic cadherins 


Percentage homologies among the type-II cadherins and with E- 
cadherin, as a representative of the type-I cadherins, are shown 
in Table 1. Previously we reported the cDNA cloning and 
sequence determination of cadherin-6 and -14 [17,18], and these 
sequences are shown in Figure | We also obtained cDNA clones 
encoding the complete proteins of cadherin-8, -11 and -12 ın this 
study, and sequenced them Amino acid sequences deduced from 
those cDNA clones are also shown ın Figure 1 and Table 1. 
Although the deduced amino acid sequence of cadherin-11 
completely agreed with the reported sequence [15], the sequences 


of cadherin-8 and -12 differed from the previously reported ones 
[16] at several points, as follows. As compared with the previously 
reported human cadherin-8 protein, our cadherin-8 cDNA clone 
encoded a longer molecule at the N-terminus: seven amino acids, 
Met-Pro-Glu-Arg-Leu-Ala-Glu, were added. Moreover, Asp at 
amino acid position 348 in the third extracellular subdomain 
(EC3) was changed into Val, and Gln at 641 in the cytoplasmic 
domain was deleted in our cadherin-8 protein. As for cadherin- 
12, the amino acid sequence deduced from our cDNA differed 
from the previously reported sequence at three points. Gly at 
amino acid position 416 in the EC4, His at 644 and Ile at 733 in 
the cytoplasmic domain were replaced by Ser, Asp and Tyr, 
respectively, in our cadherin-12 protein. 

As shown in Figure 1, the type-I] cadherins share many amino 
acid residues. In the extracellular domains, 180 amino acid 
residues are conserved among the type-II cadherins, and 65 of 
these residues are conserved among all of the human classic 
cadhenns (Figure 1A). These include DRE and DXND in 
the ЕСІ, AXDXDD and DXNXN ш the EC2, PXF at the end 
of ECI, 2 and 3, and four Cys residues in the ECS. On the other 
hand, 21 out of the 180 conserved residues are specific for the 
type-II cadherins, but they do not appear to form specific clusters 
(Figure 1A). The HAV motif, which is considered to be intimately 
involved in the adhesive functions of type-I classic cadherins 
[28—30], is replaced by a QAI tripeptide in cadherin-6, -10 and - 
14, a QAL tripeptide in cadherin-7, а QAV tripeptide in cadherin- 
8, -11 and -12, and a KAI tripeptide in cadherin-9 (Figure 1A). 
In the cytoplasmic domains, 52 amino acid residues are conserved 
among the type-II cadherins (Figure 1C). Although 26 of these 
residues are conserved among all of the human classic cadherins, 
only three residues are specific for the type-II cadherins. The 
alignment of amino acid sequences of the human classic cadherins 
revealed that the transmembrane regions of the type-I cadherins 
are conspicuous in comparison with those of other classic 
cadherins. Eigure 1 (B) shows the alignment of the transmembrane 
sequences of the type-II cadherins with other known human 
classic cadherins. The transmembrane domains of all of the type- 
II cadherins consist of exactly 33 amino acids and are well 
conserved, whereas those of other cadherins vary in size and do 
not show high similarities to each other or to those of the type- 
H cadherins (Figure 1B) 


Expression of type-ll classic cadherins 


To examine the cell-cell binding activities of the type-II classic 
cadherins, the cadherin-7, -8, -9, -10, -11 and -12 cDNA clones, 
ligated into the eukaryotic pBAX expression vector, were 
introduced into L cells, a mouse fibroblast strain deficient in 
cadherin activity [26]. A lipofection method was used, and 
transfected clones expressing the individual cadherins were 
obtained. Since antibodies for these cadherins were not 
available, transfected clones were selected on the basis of the 
expression level of f-catenin, which 1s considered to reflect 
the expression level of a transfected cadherin 1n this system 
[19,23]. Establishment of the L cell clones L6-33 and L14-4, 
which express cadherin-6 and -14, respectively, has already been 
reported [23]. These clones and LE-1 cells, an E-cadherin 
transfectant [19], were also used in this study. 

Thus transfected clones L7-3, L8-10, L11-3 and L12-6, for 
cadherin-7, -8, -11 and -12, respectively, were selected on the 
basis that they express simular amounts of f-catenin protein as 
the LE-1, L6-33 and L14-4 transfectants. We have reported in a 
previous study that LE-1, L6-33 and L14-4 cells express almost 
equivalent amounts of f#-catenin protein. For cadherin-9 and -10, 
we selected over 30 transfected clones for each cadherin, but 
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IDPRFSGRGPFKDTATVKIVVEDADEPPVPSSPTYLLEVHENAALNSVIGQVTARDPDITSSPIRFSIDBHTDLERQFNINADDGKITLATPLURELSVW 
PDPRFLHLGPFKDTAVVKISVEDIDEPPVFTKVSYLIEVDEDVKEGSIIGQVTAYDPDARNNLIKYSVDRHTUMDRIFGIHSENGSIFTLKALODRESSPW 
VDPRFYTYLGPFKDTTIVKISIEDVDEPPVFSRSSYLPFEVHEDIEVGTIIGTVMARDPDSISSPIRFSLDRHTDLDRIFNIHSGNGSLYTSKPLDRELSQW 
IDPKFISNGPFKDTVTVKIAVEDADEPPMFLAPSYIHEVQENAAAGTVVGRVHAKDPDAANSPIRYSIDRHTDLDRFFTINPEDGFIKTTKPLDREETAW 
LDHRFHSAGPFKDTATVKISVLDVDEPPVFSKPLYTMEVYEDTPVGTIIGAVTAQDLDVGSSAVRYFIDWKSDODSYFTIDGNEGTIATNELLDRESTAQ 
DOER SHLOPTEDATHUNI SO eee nner eee ay enn TNIE ere ee En aera 
* ae * бый жетте k * т ж * * = Л А 
fait 
ECS 

HNITVIATEINNPKQSSRVPLYIKVLDVNDNAPEFAEFYETFVCE--KAKAD- -QLIQTLHAVDKDDPYSGHQFSFSLAPEAASGSNFTIQDNKDNTAGI 
HNITVLAMESQNPSQVGRGYVAYITILDINDNAPEFAMDYETTVCE- -NAQPG- -QVIQRISAVDKDEPSNGHQFYFSLTTDATNNHNFSLKDINKDNTASI 
HNITIIATEIRNHSQISRVPVAIKVLDVNDNAPEFASEYEAFLCE--NGKPG--QVIQTVSAMDKDDPKNGHYFLYSLLPEMVNNPNFTIKKNEDNSLSI 
HNITVTATEINNPKQSSHIPVFIRILDINDHAPEFAMYYETFEVCE- -NAKPG- -QLIQTVSVMDKDDPPRGHKFFFEPVPEFTLNPNETIVDNKDNTAGI 
HNLTVIAAEINNPRETTRVAVFVRILDVNDNAPOFAVFYDTPVCE- -NARPG- -QLIQTI SAVDKDDPLGGQRFFFSL- - -AAVNPNFTVQDUNEDNTARI 
LNITVFAAEIHNRHQEAKVPVAIRVLDVNDNAPKFAAPYEGFICESDOTKPLSNQPIVTISADDKDDTANGPRFIFSLPPEIIHNPNFTVRDNRDNTAGV 
YNFSIIASKVSNPLLTSKVNILINVLOVNEFPPEI SVPYETAVCE--NAKPG~ -QIIQIVSAADRDLSPAGQQFSFRLSPEAAIKPNFTVRDFRNNTAGI 
YNITVTASEIDNPDLLSHVTUGIRVLDVNDNPPELAREYDIIVCE--NSKPG--QVIHTISATDKDDFANGPRENPFLDERLPVNPNPTLKDNEUNTASI 
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LTRKNGYNRHEMSTYLLPVVTISUDNDY PVQSSTGTVTVRVCACDHHGNMQSCHAE 
LTRRNGFRRQEQSVYYLPIFIVDSGSPSLSSTSTLTIRVCDCDADGVAQTCNAE 
LAKHNGFNROKQEVY LLPITISDSGNPPLSSTSTLTIRVCGC SNDGVVOSCNVE 
MTRKDGYSRNKMSTYLLPILIFDNDYPIQSSTGTLTIRVCACDUNQGNMQSCTAE 
LTRKNGFNRHEISTYLLPVVISDNDYPIQSSTGTLTIRVCACDSQGNMQSCSAE 
YARRGGFSRQEQDLYLLPIVISDGGIPPMSSTNTLTIKVCGCDVNGALLSCNAE 
ETRRNGYSRRQOQELYFLPVVIEDSSYPVOSSTNTMTIRVCRCDSDGTILSCNVE 
PREECE OMNES SPOSI P SESSO UT LEVON ERRORVETCHAS 


* k tt * Bid * we t + ne * * 


Cad-6 ALIHPTGLSTGALVAILLCIVILLVTVVLFAAL 33 
Cad-7 .  AYVLPAGLSTGALIAILACVLTLLVLILLIVTM 33 
Cad-8 § AYVLPIGLSMGALIAILACIILLLVIVVLEVTL 33 
Cad-9 ALILSAGLSTGALVAILLCVLILLILVVLFAAL 33 
Cad-10 | ALLLPAGLSTGALIAILLCIIILLVIVVLPAAL 33 
Cad-11 . AYILNAGLSTGALIAILACIVILLVIVVLFVTL 33 
Cad-12  AIFLPVGLSTGALIAILLCIVILLAIVVLYVAL 33 
Cad-14 AFLSSAGLSTGALIAILLCVLILLAIWLFITL 33 
* ттт Л Ж ту * rt 
E-cad IPAILGILGGILALLILILLLLLFL 25 
N-cad IVGAGLOTGALIAILLCIIILLIGVLMFVVWM 32 
P-cad GGFILPVLGAVLALLFLLLVLLLLV 25 
Cad-4 — IGAVAAAGLGTGAIVAILICILILLTMVLLFVENWM 35 
Cad-5 VGVSIQAVVAILLCILTITVITLLIPL 27 
Cad-15  GAAALLAGGTGLSLGALVIVLASALLLLVLVLLVAL 36 
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Figure 1 For legend see opposite. 


100 
100 
109 
100 
100 
100 
100 
100 


200 
200 
200 
200 
200 
200 
200 
200 


300 


550 


„> 


Heterophilic interactions of type-I cadherins 


163 


Cad-6 RRQRAKKEPLIISKE-DIRDNIVSYNDEGGGERDTQAFDIGTLRNPEAIEDNKLRRDIVPEALFLPRR-TPTARDN-TDVRDFINQRLKENDTDPTAPPYDS 98 
Cad-7 RRRARK-EPLIFDEERDIRENIVRYDDEGGGEEDTEAPFDMAALRNLNVIRDTKTRRDVTPEIQFLSRPAFKSIPUN-VIFREFIWERLKEADVDPGAPPYDS 99 
Cad-8 RRHKN-EPLIIKDDEDVRENIIRYDDEGGGEEDTEAFDIATLONPDGINGFLPRKDIKPDLOFMPRQ-GLAPVPNGVDVDEFINVRLHEADNDPTAPPYDS 99 
Cad-9 KRQRKKEPLIISKD-DVRDNIVTYNDEGGGEEDTQAFDIGTLRNPEAREDSKLRRDVMPETIFQIRR-TVPLWEN-IDVQDFIHRRLKENDADPSAPPYDS 98 
Cad-10 KRQREKEPLILSKE-DIRDeIIVSYNDEQGOGEEUDTQAFDIQGTLRNPAAIERKKLRRDIIPETLFIPRR-TPTAPDN-TDVRDFINERLKEHDLDPTAPPYDS 98 
Cad-11 RRQKK-EPLIVFEEREDVRENIITYDDEGGGERDTEAPDIATLQNPDGINGFTIPRKDIKPEYQYMPRP-GLRPAPNSVDVDDFINTRIQEADNDPTAPPYDS 99 
Cad-12 RRQKKKDTLMTSKE-DIRDNVIHYDDEGGGEEDTQAFDIGALRNPKVIEENKIRRDIKPDSLCLPRQ-RPPMEDN-TDIRDFIHQRLQENDVDPTAPPYDS 98 
Cad-14 RRSKK-EPLIISEE-DVRENVVTYDDEGGGEEDTEAFDITALRNPSAAEELKYRRDIRPEVKLTPRHQTSSTLES-IDVQEFIKQRLAEADLDPSVPPYDS 98 
* * з ж * m aiiud cdiads drea NU ы а X * * * T * t * ew «тее 
' Li 
Cad-6& LATYAYEGTGSVADSLSSLESVTTDADQDYDYLSDWG PRFKKLADMYGGVDSDRDS 154 
Cad-7 LOTYAFEGNGSVAESLSSLDSI SSNSDQNYDYLSDWGPRFKRLADMYGTGQESLYS 155 
Cad-6 IQIYGYEGRGSVAGSLSSLESTTSDSDQNPDYLSDWGPRFKRLGELYSVGESDKET 155 
Cad-9 LATYAYEGNDSIADSLSSLESLTADCNOQDYDYLSDWG PRFKAKLADMYGGDDSDRD 153 
Cad-10 LATYAYEGNDSIAESLSSLESGTTEGDQNYDYLREWGPRENKLAEMYGQOGESDKDS 154 
Cad-11 IQIYGYEGRGSVAGSLSSLESATTDSDLDYDYLQNWGPRPKXKLADLYGSKDTFDDDS 156 
Cad-12 LATYAYEGSGSVAESLSSIDSLTTEADODYDYLTDWGPREKVLADMFGRRESYNPDKVT 157 
Cad-14 154 
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Figure 1 Alignment of deduced amino acid sequences of eight human type-I! classic cadherins 


(A) Alignment of extracellular domains The signal peptide and precursor region of each cadherin are omitted from this Figure The position of tripeptides corresponding to the HAY motif of type- 
| cadhenns is marked by an arrowhead (W) and a lina The beginning of each extracellular subdomain (EC) is Indicated by ЕС1--ЕС5 (B) Alignment of transmembrane domains Transmembrane 
domains of other human classic cadherins are also shown in alignment (C) Alignment of cytoplasmic domains The amino acid residues conserved among all the type-1] cadherins are marked 
by asterisks in (А) and (C), out of these conserved amino acid residues, those that are also conserved in the four human type-I classic cadherins and In cadhenn-5 and -15, and those that are 


hot conserved in any of them, are indicated by undertining and #, respectively 


Table 1 Homologies among eight human type-il cadherins 


Homologies among the putatve mature forms of eight human type-ll cadhenns (6—14) and 
E-cadherin (E) were calculated and are shown as percentages 


Cadhenn Ё 7 8 9 10 11 12 14 


6 36 63 62 75 76 60 64 60 
7 34 ~ 62 61 - 64 60 60 64 
8 35 ~ = 58 61 69 98 99 
g 32 = = — 73 98 60 60 
10 33 ~- - ~ - 60 64 62 
11 33 -— = =- = = 58 61 
12 36 ~ = = = = 61 
14 35 — = = == — — - 





failed to obtain any transfectant expressing f-catenin protein at 
a similar level to that of the other cadherin transfectants used in 
this study. We then used transfectant clones L9-30 and 110-9, for 
cadherin-9 and -10, respectively, which express the highest levels 
of f-catenin among each cadherin transfectant group. The 
levels of B-catenin expression in these cadherin transfectants, and 
in parental L cells, were analysed by immunoblotting, and are 
shown in Figure2 As mentioned above, the cadherin-transfected 
clones, except for 19-30 and L10-9, expressed f-catenin at 
almost similar levels (Figure 2). Compared with these trans- 
fectants, L9-30 cells expressed considerably lower and 110-9 cells 
expressed slightly lower amounts of f-catenin, and f-catenin 
protein could hardly be detected in parental L cells under these 
experimental conditions (Figure 2). 

Cadherin-7, -9 and -10 molecules, the human type-II classic 
cadherins newly identified 1n this study, were visualized as bands 
of approx. 116, 107 and 112 kDa, respectively, in an immuno- 
precipitation experiment (Figure 3). This experiment also con- 
firmed that the three newly identified cadherins interact not only 











Figura 2 Immunoblot analysis of B-catenin expressed by cadherin 
transfectants 


Whole-cell lysates of cadherin transfectants and L cells (20 ug of protein/lane) were separated 
by SDS/PAGE (7 5% gel) and transferred to a PVDF membrane 9-Catenin was then detected 
with an anti-J-catenin monoclonal antibody using an ECL® system (Amersham Life Science, 
Bucks, UK) Faint bands below the main bands probably indicate degradation of f-catenin 


with -catenin but also with a-catenin, similar to known classic 
cadherin molecules. In fact, the cadherin transfectants presented 
here exhibited elevated expression levels of a-catenin protein as 
compared with L cells, a similar result to that obtained with 
f-catenin (results not shown). 


Ceil-cell binding activities of type-ll cadherins 


Cell-cell binding activities of the eight human type-II classic 
cadherins were evaluated by long-term cell-aggregation assays 
using the aforementioned cadherin transfectants and the parental 
L cells Although cell-aggregation experiments for 30 min-3 h 
have been used widely to evaluate cadherin activity, we did not 
employ this type of short-term assay. The reason is that in the 
short-term assay cells are usually dispersed into single-cell 
suspensions by trypsin in the presence of Ca**, which is known 
to leave type-I cadherins intact; however, we found the functional 
forms of cadherin-6 and -14 to be destroyed by this treatment 
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Figure 3 Immunoprecipitation of cadherin-7, -9 and -10 with an anti-[)- 
catenin monoclonal antibody 





Cadherin-7, -9 and -10 molecules were co-immunoprecipitated with an anti-/J-catenin monoclonal 
intibody j^ from L7-3, 19-30 and L10-9 cell lysates. respectively, based on the formation of 

dheri atenin complexes in Cadherin-positive cells. As a control, immunoprecipitations wit? 
ота U OG (№ were performed simultaneously. The precipitates were denatured 
eparated by SDS/PAGE (7.5% gel), transferred on to a PVDF membrane and stained with 
AuroDye* forte (Amersham Life Science). Cadherins and x- and //-catenins are indicated by 
arrowheads and arrows, respectively. Bands below the /7-саіепіп bands probably indicate 
degradation of /-Calenin Bars on the left indicate the mobilities of molecular-mass markers 
(200. 115 974 ind 66 ; kDa! 


[23]. We therefore treated the cadherin transfectants with trypsin 
in the absence of Ca^. which clears the functional cadherin 
molecules from the external cell surface, and allowed the resulting 
single-cell suspensions to aggregate for 12-48 h. Since we know 
that expression of cadherin molecules returns to initial levels 
within 3 h of treatment with trypsin and EDTA [23]. the influence 
of the trypsin pretreatment was considered to be negligible in the 
long-term assay. Thus the long-term assav appeared to be suitable 
for evaluating the cell-cell binding activities of the type-II 
cadherins, and also for comparison of cell-cell binding activities 
irrespective of cadherin type. 

The results of the long-term (48 h) cell-aggregation experiments 
are shown in Figure 4. As can be seen, the parental L cells hardly 
aggregated under the assay conditions, and most of the cells 
remained dispersed even after incubation for 48 h. In contrast, 
all of the cadherin transfectants formed definite aggregates. 
Although these aggregates could not be discriminated from one 
another in terms of cell-cell adhesiveness, they varied in size. LE- 
|, L6-33, L7-3, L8-10, 111-3, 112-6 and L14-4 cells formed 
almost indistinguishable aggregates. whereas L9-30 aggregates 
were much smaller and L10-9 aggregates were slightly smaller, 
than those of other transfectants. The sizes of the aggregates 
corresponded well to the expression level of /7-catenin protein in 
the individual transfectants (Figure 2). 


Binding specificities of type-Il cadherins 


In order to elucidate the binding specificities of the type-II 
cadherins, one line was labelled with Dil or CMFDA fluorescent 
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Figure 4 Long-term cell aggregation of cadherin transfectants 


LE-1. 16-3 7-3. 18-10. 19-30, 110-9. 111-3 L12-6 and 114-4 cells were trypsinized 
ni elt iy i ine Presence I [ EDTA 10 opia 11016 eli 3nd allowed ti aggregate al 37 
tor 48! 100 rey | CO, incubator. Then phase-contrast micrographs were taken 
lote the size! the ind aggregates. The scale bar at the bottom represents 200 ит 


reagent, mixed with another unlabelled line. and allowed to 
aggregate in a similar way to the long-term assays. In these 
experiments, the nine cadherin transfectants mentioned above, 
including the E-cadherin transfectant LE-1, and the parental L 
cells were used, and cells were incubated for 12 h in order to 
provide intelligible micrographs. The results after incubation for 
up to 48 h were the same as those indicated here. 

First, each cadherin transfectant was mixed with the parental 
L cells and allowed to aggregate. L cells were excluded completely 
from every aggregate, and chimaeric aggregates were never 
found (results not shown), indicating that all of the type-I] 
cadherins mediate cell-cell adhesion in a homophilic manner but 
not in a ligand-receptor interaction. The results are summarized 














Table 2 Interactions between eight human type-ll cadherins and 
E-cadherin 
Two out of the nine cadherin transfectants, LE-1, L6-33, 17-3, L8-10, L9-30, 110-9, L11-3, L12 
6 and L14-4, which express E-cadherin and cadherin-6, -7, -8, -9, -10, -11, -12, ang -14 
respectively, were mixed, and allowed to aggregate for 12 ^. The resultant aggregates were then 
observed using an Olympus IX70 phase-contrast microscope equipped with a fluorescence 
system, Interactions between cadherins were classilied into — (no interaction), + (Incomplete 
interaction) and + + (complete interaction) categories 

Cadherir F 6 ї la 9 10 11 12 14 

E + + - 

b — rT 4 - rs ! t 

— + ++ - B - - + + + 

H - = + + — + + - 

р - + 4 - ++ ++ e - + 

0 + + + + 4 

11 ҮТ + 4 

12 + + } 

14 4. * Eod 4 4 b «6 


' These data were reported previously [23] 





in Table 2. When LE-1 cells were mixed with one of the type-ll 
cadherin transfectants, they always aggregated separately, and 
chimaeric aggregates were never formed. This observation in- 
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Figure 5 Mixed cell aggregation of cadherin transfectants 
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dicated that all of the type-II cadherins have binding specificities 
distinct from that of E-cadherin, a representative of the type-l 
cadherins. In contrast, and surprisingly, chimaeric aggregates, 
which varied in their extent of heterogeneous mixing, were 
observed frequently when two lines of the eight type-I cadherin 
transfectants were mixed. In particular, with combinations of 
6-33 and L9-30, L7-3 and L14-4, L8-10 and L11-3, or L9-30 
and 110-9, each pair of transfectants formed the same randomly 
intermixed aggregates as those observed when labelled and 
unlabelled cells of one line were mixed (Table 2). These complete 
heterophilic interactions suggested that cadherin-6 and -9, cad- 
herin-7 and -14. cadherin-8 and -11. or cadherin-9 and -10 
cannot discriminate between each other, at least in this assay 
system. Moreover, in six other combinations, including a com- 
bination of L6-33 and L14-4 [23]. incomplete heterogeneous 
aggregates, which were composed of clusters of each cell type. 
were formed (Table 2), suggesting that in these combinations the 
two cadherin types share part of their binding specificities. 
enabling incomplete heterophilic interactions 
results are shown in Figure 5. 


Representative 


DISCUSSION 


In the present study, we identified three novel human type-I! 
classic cadherins, cadherin-7. -9 and -10, by cDNA cloning and 
sequencing. The alignment of deduced amino acid sequences of 


Fluorescence 


Phase-contrast 
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Equal numbers of labelled L7-3 and unlabelled L7-3 cells (7/7), labelled L8-10 and unlabelled L11-3 cells (8/11), labelled L9-30 and unlabelled L6-33 cells (9/6), labelled 19-30 and unlabe 
L10-9 cells (9/10), labelled 110-9 and unlabelled L6-33 cells (10/6), and labelled L10-7 and unlabelled L7-3 cells (10/7) were mixed and allowed to aggregate for 12 n. Phase-contras! 


fluorescence micrographs of the aggregates 
r. 


form completely intermixed aggregates similar to that in 7/7 


in the same fields were taken. Cells shown here were labelled with CMFDA reagent. Note that in 8/11 


9/6 and 9/10 the labelled and unlabelled 


In contrast, the labelled and unlabelled cells were completely segregated in 10/7. In 10/6 the aggregate is composed of two cluste 


of labelled L10-9 cells surrounded by unlabelled L6-33 cells. This pattern of heterogeneous intermixing was interpreted as incomplete heterophilic interaction. The scale bar at the bottom represent 


100 шт 
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the type-II cadherins, including the three novel molecules, and 
comparison of the type-II cadherins with other classic cadherins 
confirmed the identity of this grouping. As shown in Table 1, 
the sequence similarities of the putative mature forms among the 
type-II cadherins are high, ranging from 58 to 7695, whereas all 
of the type-II cadherins are less similar to every other known 
human classic cadherin For example, sequence similarities to E- 
cadherin are also shown 1n Table I, and all of these are below 
40 %. In the extracellular domains, which are composed of about 
550 amino acids, 21 out of 180 conserved residues among the 
type-II cadherins are specific for type-II cadherins and are not 
found in any other human classic cadherin. In contrast, in the 
cytoplasmic domains, only three out of 52 conserved residues 
among the type-II cadherins are specific for type II, indicating 
that the type-II cadherins are more characteristic in the extra- 
cellular domains, which form interfaces for cell-cell adhesion, 
than in the cytoplasmic domains, which link to the cytoskeleton 
via catenins. However, even in the extracellular domains we 
could not identify any motifs specific for type-II cadherins. 
Unexpectedly, the most impressive sequence characteristic for 
the type-I cadherins was found in the transmembrane domains, 
which have never been considered to be of significance in the field 
of cadherin research. As compared with the transmembrane 
domains of the non-type-II cadherins, those of the type-II 
cadherins were markedly conserved, both in length and in amino 
acid sequence (Figure 1B). 

To our knowledge, besides the eight molecules presented here, 
no other human classic cadherins of type II have been identified. 
Kremmidiotis et al. [31] recently reported sequencing of a partial 
cDNA clone homologous to chicken cadherin-7, and regis- 
tered the sequence as human cadherin-7 in the GenBank? 
nucleotide sequence database with the accession number 
AF047826. However, the deduced amino acid sequence of 317 
residues, corresponding to a region from the end of the EC4 to 
the C-terminus, shares only 54 and 53% identities with the 
corresponding region of human cadherin-7 presented here and 
with chicken cadherin-7, respectively. In the same region, our 
human cadherin-7 is much more similar to chicken cadherin-7 
(92 % similarity). These findings strongly suggest that the cDNA 
clone obtained in the present study by cross-hybridization with 
a chicken cadherin-7 cDNA probe actually encodes an authentic 
human counterpart of chicken cadherin-7, and that the cDNA 
fragment obtained by Kremmudiotis et al. indicates the existence 
of an unknown human classic cadherin. The partial amino acid 
sequence of clone number AF047826 shows higher similarity to 
the type-II cadherins (43-46%, except for cadherin-7) than 
to the non-type-Il cadherins (below 40%), and possesses the 
33-amino acid transmembrane domain. However, this clone, of 
which only a restricted sequence is available, conserves only one 
residue out of the five residues defined as specific for type-II 
cadherins 1n the restricted region (results not shown), and shows 
relatively low similarities to the type-II cadherins described 
above. These findings suggest that the clone is likely to encode a 
novel human type-II classic cadherin that is somewhat diversified 
from the eight type-II cadherins identified so far. 

Cadherin-7, -9 and -10 were expressed in mouse L fibroblasts 
by a cDNA-transfection method, and the individual transfectant 
clones were selected. As has been demonstrated for other classic 
cadherins, these cadherins interacted with a- and f-catenins, and 
retarded their degradation (Figures 2 and 3). We obtained new 
L transfectant clones for cadherin-8, -11 and -12 in this study, 
and also used L transfectant clones for cadherin-6 and -14 that 
we reported previously [23]. We then evaluated cell-cell binding 
activities of the eight human type-II classic cadherins by cell- 
aggregation experiments over 48 h with particular attention to 
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the expression level of f-catenin protein by the transfectants. As 
we proposed recently [19,23], the expression level of -catenin is 
considered to reflect the expression level of a transfected cadherin 
in this system. This 1s based on the observation that f-catenin is 
hardly detectable in L cells at the protein level because of its 
rapid turnover rate However, once L cells begin to express 
classic cadherin molecules, upregulation of f-catenin protein 
occurs at the same time, possibly because of stabilization of the 
f-catenin protein by its association with the cytoplasmic domain 
of classic cadherin. Assuming that all classic cadherin subclasses 
influence the preservation of f-catenin protein in L cells to a 
similar extent, the relative expression level of a cadherin in an L 
transfectant clone could be estimated from the expression level of 
f-catenin protein in the clone. 

As shown in Figure 4, transfectant clones for E-cadherin and 
cadherin-6, -7, -8, -11, -12 and -14, all of which express similar 
amounts of #-catenin protein (Figure 2) and therefore are 
expected to express a similar number of cadherin molecules per 
cell, formed aggregates hardly distinguishable from one another 
both in size and in cell-cell adhesiveness. The cadherin-9 and -10 
transfectant clones, which show lower expression of f-catenin 
protein than the other transfectants (Figure 2), formed smaller 
aggregates (Figure 4). Transfectants of other cadherin types 
expressing similar amounts of f-catenin protein to the cadherin- 
9 or -10 transfectant clones formed aggregates indistinguishable 
from those of the cadherin-9 or -10 transfectants (results not 
shown). These findings strongly suggest that all of the type-I 
cadherins possess a similar cell-cell binding ability that is almost 
equivalent to that of E-cadherin. 

Although Suzuki and colleagues have reported that cadherin- 
5 and -8 did not show significant cell-adhesion activity on 
cell-aggregation experiments [21,22], we demonstrated in this 
study that cadherin-8 mediates cell-cell binding comparable with 
that of other classic cadherins, and we confirmed recently that 
cadherin-5 also exhibits definite cell-cell binding activity in the 
same assay system as used in this study (Y. Shimoyama, 
G. Tsujimoto, M. Kitajima and M. Natori, unpublished work). 
This discrepancy may be explained by the difference in the assay 
system. Alternatively, as mentioned in the Results section, their 


m 


cadherin-8 cDNA clone encoded a molecule that was seven - 


amino acids shorter at the N-terminus as compared with the 
clone used in this study; this might cause derangement of 
the cleavage of the signal peptide and the precursor region, or 
of the transport of the cadherin to the cell surface, leading to 
malfunction of the cadherin in their study. Interestingly, a 
cadherin-5 cDNA clone that was isolated recently from a human 
adult skeletal-muscle cDNA library in our laboratory contained 
an open reading frame that was 12 nucleotides longer (corre- 
sponding to Met-Gln-Arg-Leu) than that previously reported 
by Suzuki and colleagues [16] (Y. Shimoyama, G Tsujimoto, 
M. Kitajima and M. Natori, unpublished work). This might 
suggest that the truncated N-terminal sequence was the cause of 
the reduced cell-cell binding activity. The nucleotide sequences 
of the human cadherin-5 and -8 cDNAs isolated in our laboratory 
have also been submitted to the DDBJ/EMBL/GenBank® 
nucleotide sequence databases with the accession numbers 
AB035304 and AB035305, respectively. 

It has been postulated that some non-type-I classic cadherins, 
including the type-I cadherins, mediate weaker cell-cell adhesion 
than do type-I cadherins, since they are expressed in loosely 
associated cells [20]. In fact, we have confirmed recently that 
various human fibroblast strains express multiple cadherin 
molecules including type-II cadherins (Y. Shimoyama, С. 
Tsujimoto, M. Kitajima and M. Natori, unpublished work). It 
could be speculated, however, that mesenchymal cells, such as 
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fibroblasts lack other components of the cell-cell binding ma- 
chinery besides the cadherin cell-adhesion system. In any case, 
the data presented here indicate clearly that all of the type-II 
cadherins function as cell-cell binding connectors, as do 
type-I cadherins. 

In a recent study, we found that cadherin-6 and -14 interacted 
with each other, although in an incomplete manner [23]. This 
finding prompted us to verify the heterophilic interactions among 
the eight type-II cadherins, and we performed aggregation 
experiments with mixed cell types. Surprisingly, the formation of 
chimaeric aggregates was observed in various combinations 
(Figure 5 and Table 2). Completely intermixed aggregates were 
formed with combinations of L transfectant clones expressing 
cadherin-6 and -9, cadherin-7 and -14, cadherin-8 and -11, and 
cadherin-9 and -10, indicating that in these combinations the 
two cadherin subclasses exhibit equal binding specificities. More- 
over, partially 1ntermixed aggregates similar to the heterogeneous 
aggregates between cadherin-6 and -14 [23] were observed with 
combinations of L transfectant clones expressing cadherin-6 and 
-7, cadherin-6 and -10, cadherin-7 and -9, cadherin-7 and -12, 
cadherin-9 and -14, and cadherin-12 and -14, indicating that in 
these combinations the two cadherin subclasses share a part of 
their binding specificities. In particular, either cadherin-7 and -14 
or cadherin-8 and -11 showed an indistinguishable binding 
specificity against other cadherin subclasses, at least in this assay 
system (Table 2). 

Similar complete and incomplete heterophilic interactions 
between different cadherin subclasses from the same species have 
been described for B-cadherin and L-CAM (liver cell-adhesion 
molecule) in chicken [32], for N- and R-cadherin in chicken and 
mouse [33,34], and for cadherin-6B and -7 in chicken [24]. 
However, the frequency of heterophilic interactions among the 
human type-II classic cadherins was unexpected. Although these 
results might offer significant clues for identification of the sites 
responsible for the binding specificities, we could not determine 
the sites or motifs from comparison and analysis of the primary 
structures. We demonstrated previously that the QAI tripeptide, 
corresponding to the HAV motif in type-I cadherins that is 
known to be intimately involved in the adhesive function and 
binding specificity [28—30], is itself unlikely to be responsible for 
the adhesive functions and binding specificities of cadherin-6 and 
-14 [23]. As mentioned above, cadherin-6 and -9, cadherin-7 
and -14, cadherin-8 and -11, and cadherin-9 and -10 cross-reacted 
completely in the mixed cell-aggregation experiments; however, 
in every combination the tripeptide corresponding to the HAV 
motif of the two cadherin subclasses does not coincide (Figure 
1A). Future studies on the three-dimensional structures would 
clarify this issue. 

Although this study demonstrating frequent heterophulic inter- 
actions among the type-II classic cadherins used an assay system 
in vitro, we believe that the results presented here will be useful 
in the future for understanding cadherin-mediated mechanisms 
of development, morphogenesis and cell-cell interactions rm vivo. 
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The pepsin residue glycine-76 contributes to active-site loop flexibility 


and participates in catalysis 


Monika OKONIEWSKA, Takuji TANAKA and Rickey Y. YADA' 
Department of Food Sclence, University of Guelph, Guelph, ON, N1G 2W1, Canada 


Glycine residues are known to contribute to conformational 
flexibility of polypeptide chains, and have been found to con- 
tribute to flexibility of some loops associated with enzymic 
catalysis. A comparison of porcine pepsin in zymogen, mature 
and inhibited forms revealed that a loop (a flap), consisting of 
residues 71—80, located near the active site changed its position 
upon substrate binding. The loop residue, glycine-76, has been 
implicated in the catalytic process and thought to participate in 
a hydrogen-bond network aligning the substrate This study 


«^ investigated the role of glycine-76 using site-directed muta- 


genesis. Three mutants, G76A, G76V and G768, were constructed 
to increase conformational restriction of a polypeptide chain. In 
addition, the serine mutant introduced a hydrogen-bonding 
potential at position 76 similar to that observed in human renin. 


All the mutants, regardless of amino acid size and polarity, had 
lower catalytic efficiency and activated more slowly than the 
wild-type enzyme. The slower activation process was associated 
directly with altered proteolytic activity. Consequently, it was 
proposed that a proteolytic cleavage represents a limiting step of 
the activation process. Lower catalytic efficiency of the mutants 
was explained as a decrease in the flap flexibility and, therefore, 
a different pattern of hydrogen bonds responsible for substrate 
alignment and flap conformation. The results demonstrated that 
flap flexibility is essential for efficient catalytic and activation 
processes 

Key words. aspartic proteinase, hinge, hydrogen bond, 
pepsinogen activation, substrate alignment. 





INTRODUCTION 


Loops represent a relatively new category of secondary structures. 
They reverse the direction of a polypeptide chain and are usually 
situated at the protein surface. Unlike a-helices and f-sheets, 
loop structures have no regular patterns of dihedral angles and 
hydrogen bonds [1,2]. Loop residues that are involved in catalysis 
may be more highly conserved than amino acids in surface loops 
whose role is purely structural. This sequence conservation can 
involve amino acids that interact directly with a substrate as well 
as amino acids that help stabilize various conformations that the 
Joop may adopt during catalysis [3]. 

The hydrogen bonds to main-chain polar atoms play an 
important role ın maintaining medium-sized loop structures 
They can be formed from tbe loop atoms to main-chain or side- 
chain atoms or ligands [4]. It was observed in lactate de- 
hydrogenase that open and closed loop conformations were 
facilitated by the same pattern of hydrogen bonds made among 
loop atoms [5]. In contrast, hydrogen bonds in triosephosphate 
isomerase reorganized during catalysis [6]. 

Loop structures have been identified in many enzymes where 
they have been implicated ın protein function, stability and 
possibly in protein folding. In aspartic proteinases, a loop, 
commonly known as a flap, is found to extend over the active site 
and has been implicated 1n the catalytic process [7,8]. 

Three-dimensional structures at high resolutions have been 
identified for viral, fungal and mammalian aspartic proteinases. 
, À comparison of the molecules reveals that their tertiary struc- 
tures have been conserved during evolution. However, the 
enzymes differ in their primary structures, sequence homologies 
and substrate preferences. Therefore, aspartic proteinases rep- 
resent an interesting group in which to study structure and 


Abbreviation used Trx-PG, thioredoxin-pepsinogen fusion protein 


function relationships [9]. Porcine pepsin is a particularly good 
model for these studies since its structures in zymogen, mature 
and inhibited forms have been determined [8,10,11]. 

Under physiological conditions porcine pepsin is secreted 1n 
the stomach as a zymogen, pepsinogen. In pepsinogen, a 44- 
residue peptide, referred to as a prosegment, blocks the entrance 
to the active site and is held in place by electrostatic interactions 
with the pepsin molecule. The acidic environment triggers the 
activation process. At pH values lower than 5.0, the reduction of 
electrostatic interactions between the pepsin molecule and the 
prosegment initiates a series of conformational changes and 
proteolytic cleavage of the prosegment or its fragments from the 
N-terminus of pepsin to yield a mature enzyme [10,12]. The final 
shape of substrate-binding subsites is gained during the activation 
process and residues lining the binding cleft assume positions 
that enable hydrogen bonding to a substrate The hydrogen 
bonds align the substrate in the position most favourable for the 
catalysis. The crystal structures of pepsin in free and inhibited 
forms indicated that three flap residues, Y75, G76 and T77 (one- 
letter amino acid notation), contribute directly to a particular 
subsite specificity by hydrogen bonding to substrate residues 
[10,11]. Y75 was found to participate in substrate alignment; 
however, its influence was less pronounced than in chymosin and 
Rhizomucor pepsin, which had higher substrate specificities [13]. 
It was suggested that Y75 anchored the flap in pepsin. In 
chymosin, the residue was more mobile and therefore able to 
adopt more conformations that could contribute to high enzyme 
specificity [14]. An investigation of the role of T77 1n pepsin 
catalysis revealed that the residue provides a catalytically essential 
hydrogen bond to a substrate. It was concluded that the hydrogen 
bond in position 77 participates in the substrate alignment and in 
this way is indirectly responsible for the proper geometry in the 
transition state [15] 


1 To whom correspondence should be addressed (e-mail ryada@uoguelph ca) 
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Table 1 Flap sequences of selected aspartic proteinases 


Fungal pepsins are represented by endothiapepsin, penicillopepsin and rhizopuspepsin The 
numbering is according fo porcine pepsin [36,44] 


Loop residue 
Enzyme Poston 75 76 77 78 79 
Porcine pepsin Y G T G $ 
Human pepsin Y G T G S 
Bovine chymosin Y G T G S 
Porcine chymosin Y G T G S 
Human cathepsin E Y G T G S 
Human cathepsin D Y G 5 G S 
Human gastricsin Y G 5 G 9 
Human renin Y S T G T 
Fungal pepsins Y G D G S 





An examination of G76 atomic contacts in inhibited pepsin 
structure [11] indicates that main-chain hydrogen of G76 partici- 
pates in hydrogen bonding to a substrate. It has also been 
suggested that glycine 76 is involved in the hydrogen bond 
stabilizing the transition state [16,17] А companson of 
eukaryotic aspartic proteinases (Table 1) in the flap region 
demonstrates that G76 and G78 are conserved in all enzymes 
with the exception of renin. However, G78 ıs ın a location too 
distant to interact directly with a substrate. At the same time, the 
greatest change in the pepsin flap structure 1s induced in residues 
G76—G78 located at the tip of the flap. C, atoms of G76-T77—G78 
move by 4.8 A (1 À — 0.1 nm) on average [14]. The observations 
suggest that G76 participates in the catalysis by direct interaction 
with a substrate, a transition state and/or by providing essential 
flap flexibility. 

Glycine residues were implicated in providing conformational 
freedom to the polypeptide chain [18]. They have been shown to 
act as points of flexibility for hinge-type motions in the active-site 
loop of glutathione synthetase and tryptophan synthase. Some 
flexible loop structures identified ın other enzymes that are 
known to change their positions during catalysis have glycines at 
their terminal positions, e.g. adenylate kinase, lactate dehydro- 
genase and Rubisco The residues probably represent flexibility 
points essential for the flap motions [19—23]. 

The present study investigated the role of G76 1n pepsin's 
catalytic mechanism by substituting the residue 1n position 76 
with alanine, valine and serine. These amino acids differ in 
their van der Waals volumes (G, 48 A?, A, ‚67 At; V, 105 Аз; 
S, 73 A®), accessible surface areas (G, 85 А?; А, 113 À*; V, 
160 Аз; S, 122 Аз), polarities and allowable energy levels on 
Ramachandran plots for individual amino acids [18]. 


EXPERIMENTAL PROCEDURES 
Matertals 


Restnction enzymes with corresponding buffers were purchased 
from New England Biolabs (Mississauga, ON, Canada) and 
Boehringer Mannheim Canada (Laval, QC, Canada). All the 
chromatography resins were purchased from Pharmacia Biotech 
(Uppsala, Sweden). Protein assay reagents, SDS/PAGE reagents 
and equipment were purchased from Bio-Rad (Hercules, CA, 
U.S.A.) Substrate I, Lys-Pro-Ala-Glu-Phe-Pbe(NO,),-Ala-Leu, 
was synthesized at the Institute for Molecular Biology and 
Biotechnology, McMaster University, Hamilton, ON, Canada. 
Substrate П, Leu-Ser-Phe(NO,),-Nle-Ala-Leu, was purchased 
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from Sigma (St. Louis, MO, U.S.A.). Additional materials were 
obtained either from Fisher Scientific (Mississauga, ON, Canada) 
or Sigma. 


Energy minimization and molecular dynamics 


Calculations were performed using Discover 2.9.5 (Biosym 
Technologies, San Diego, CA, U.S.A.) on an IBM Risc Sys- 
tem/6000 computer The co-ordinates of porcine pepsin (PDB 
entry 4PEP by Sielecki et al. [8]) from the Protein Data Bank 
were used as initial data for the calculations. The residues of the 
wild-type protein were replaced with corresponding mutant 
residues and energy minimization was performed in a consistent 
valence force field by the steepest-descents method for 2000 
iterations with 24-A cut-off and a maximum derivative of 
0.001 kcal (1 cal==4.184 J)/mol. The wild-type was minimized 
as the reference. Molecular-dynamics simulations were per- 
formed on the energy-minimized molecule models for 11 fs at 
300 K. Co-ordinates were collected every 20 fs. Flap flexibility 
was determined based on the mean square deviation of the 
a-carbon atom displacements during the dynamics calculations. 


Plasmid construction and cloning 


Mutations of pepsinogen were performed according to the 
method of Kunkel [24]. Site-directed mutagenesis was performed 
using bacterial strains of Escherichia coli CJ236 (dur ung’), 
JM109 (wild-type) and bacteriophage Mi3mpl19 RF (replicative 
form) DNA. The primers that introduced desired mutations and 
new restriction enzyme sites were for G76A, CCATCA- 
C*CACCGGTAG (Ndel); for G76V, CCATCA- 
CA*TATGT*CACCGGTAG (Ndel); and for G76S, CACC- 
TATA*GT*ACT*GGTAGCATG (Scal) Base replacements 
are indicated by asterisks, and restriction-enzyme sites are 
underlined. The mutations were confirmed on agarose gel after 
digestion with appropriate restriction. enzymes and DNA 
sequencing by the automated М 13-dideoxy method. The mutated 
pepsinogen genes were expressed as fusion proteins with thio- 
redoxin (fusion protem, Trx-PG) in E. coh GI724 using 
рТЕР1000 plasmid [25] by introducing a short fragment con- 
taining the mutation in place of the wild-type counterpart. 
Fusion-protein production was verified using Western blotting 
with rabbit anti-pepsinogen polyclonal antibodies and goat anti- 
rabbit-IgG-alkaline phosphatase conjugate. The blots were 
visualized using Nitro Blue Tetrazolium (NBT) and 5-bromo-4- 
chloroindo-3-yl phosphate toluidine (BCIP) solutions in 0.1 M 
Тгіѕ/50 mM MgCl,/0.1 M NaCl, pH 9.5. 


Protein expression and purification 


Transformed cells were pre-cultured in RM media [0.8 95 (w/v) 
casamino acids, 1% (v/v) glycerol, 1 x M9 salt and 01 mM 
MgCl] at 30 °С for 18h, and grown in Luria-Bertani media 
(195 Bacto Tryptone, 0.5% Bacto Yeast Extract, 1% NaCl and 
0.15 ug/ml ampicillin, pH 7.5) at 30°C for 10h. Cells were 
collected by centrifugation at 15000 е for 10 min, resuspended in 
20mM Tris/HCl, pH 8.0, and disrupted by sonication. Cell 
lysate was collected by centrifugation at 20000 g for 20 min. The 
purification procedure was performed using three 10n-exchange 
columns Nucleic acids were precipitated from the cell lysate with 
protamine sulphate (10 95 of protein concentration) and removed 
by centrifugation (20000 g, 20 min). Urea was added to the 
supernatant at 2 M. The supernatant was applied at a flow rate 
of 1 ml/min on a CM-Sepharose column (2.5 x 22 cm) connected 
directly to a DEAE-Sephacel column (2.5 x 30 cm) equilibrated 
with 0.1 M NaCl in 20 mM Tris/HCl/2 M urea (pH 8.0) buffer. 


— 


\ 


Urea was necessary to increase resolution of the fusion protein. 
Without urea, the fusion protein eluted as a very broad band 
spreading over approx 0.15-0.35 M. The two columns were 
disconnected after washing with 0.1 M NaCl in 20 mM Tns/ 
HCI/2 M urea, pH 8.0, and the second column was subsequently 
washed with a stepwise gradient of NaCl (0.15, 0.2, 0.35 M) in 
20 mM Tr15/HCl/2 M urea, pH 8.0, at 1 ml/min and 4 °С. The 
purest fractions of the fusion protein, as detected by SDS/PAGE, 
were eluted with 0.35 M NaCl, pooled, and diluted three to four 
times to decrease the ionic strength. This preparation was applied 
to a DEAE-Sepharose column (2 5x25 cm) equilibrated with 
50 mM phosphate buffer, pH 6.5, and washed with a stepwise 
gradient of NaCl (0.1, 0.2, 0.25, 0.3 М), at 1 ml/min and 4 °С. 
The Trx-PG fractions eluted with 0.3 M NaCl were subjected to 
further concentration on an Amicon concentrator model 8200 
using a 10-kDa cut-off refined cellulose membrane (Amicon, 
Beverly, MA, U S.A.) to a final volume of approx. 10 ml. The 
sample was then dialysed against 20 mM Tris/HCl, pH 8.0, 
filtered through a 0.22-4m nitrocellulose filter, and stored at 
4°C. 


Protein concentration 


Protein concentration was determined using two methods: (1) 
absorbance at 280 nm using an absorption coefficient of 27 500 1/ 
mol:cm [26]; and (и) Bio-Rad D, protein assay based on the 
Lowry method. Standard curves were generated using BSA. 


SDS/PAGE and Western-biot analysis 


SDS/PAGE was performed using a Bio-Rad Mini-Protean cell 
on a 12% acrylamide gel at 30-40 mA. Proteins were stained 
with Coomassie Brilliant Blue R-250. Western blots were run on 
a Bio-Rad Mini-Trans Blot Cell at 100 V. Proteins were trans- 
ferred to a 0.2 um PVDF membrane. 


Activation of Trx-P& and purification of pepsin 


Fusion protein was incubated with 0.09 M НСІ for 1 h at room 
temperature. Activated pepsin samples were then purified from 
thioredoxin-activation fragments by gel-filtration chromato- 
graphy on Sephadex G50 [25]. Two buffers were used: 20 mM 
sodium acetate, pH 5.3, for kinetic assays and 10 mM sodium 
acetate, pH 5.3, for far-UV CD spectroscopy analysis Active 
samples were identified by milk-clotting assay [27] and only the 
first active fraction that eluted in the void volume was used for 
further pepsin analysis. For near-UV spectroscopy analysis, 
fusion proteins were acidified as described above, neutralized 
with 1 M sodium acetate buffer, pH 5.3, and then pepsins were 
purified from activation fragments in Centricon filtration units 
with a 30-kDa molecular-mass cut-off (Amicon) at 5000 g. The 
buffer was exchanged to 10 mM sodium acetate, pH 5 3, during 
filtration in the Centricon units. 


CD spectroscopy 


Far-UV CD spectra were generated using 800 wl of 0.1 mg/ml 
purified enzyme solutions with a Jasco 600 spectropolarimeter 


- (Japan Spectroscopic Co., Tokyo, Japan). Pepsin samples in a 


0.1-cm pathlength cuvette were scanned six times from 190 to 
250 nm at room temperature under continuous nitrogen flush. 
The buffer blank and enzyme solutions were degassed prior to 
the analyses. Secondary structures were determined using the 
Jasco Protein Secondary Structure Estimation Program based 
on the method of Chang et al. [28]. 

Near-UV CD spectra were obtained from 1 mg/ml degassed 
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pepsin solutions in 10 mM sodium acetate buffer, pH 5.3. Pepsin 
samples of 1 ml were placed in a 1-cm pathlength cuvette and 
scanned eight times from 320 to 240 nm at room temperature 
under continuous nitrogen flush. Tanaka and Yada [25] showed 
that properties of the wild-type and native pepsin(ogens) were 
the same (including N-terminal sequences). In addition, pre- 
liminary studies demonstrated that structures of the wild-type 
and native pepsins were the same (results not shown). Therefore, 
comparison of structural results for G76 mutants was performed 
relative to the wild-type pepsin obtained from the activation of 
the fusion protein in the same way as all the mutants. 


Kinetic analyses 


Kinetic measurements were performed on a DU 640 spectro- 
photometer (Beckman Instruments, Fullerton, CA, U.S.A.) with 
a temperature-control unit. Two synthetic substrates, as defined 
in the Materials section, were used. For substrate I, a change in 
absorbance was measured at 300 nm, 37 °C, in 100 mM sodium 
citrate buffer, pH 2.1 [29]. The substrate range was 2-200 uM. 
For substrate П, a change in absorbance was measured at 
310 nm, 37 °С, in 100 mM sodium citrate buffer, pH 3.95. The 
second substrate range was 2—300 uM. A minimum of six 
concentrations for each substrate range was used to determine 
initial rates. All the kinetic experiments were performed within 
the first 3 days after the final enzyme concentration. Enzymes 
were activated as described in the section on activation of Trx- 
PG and purification of pepsin (see above). The initial slopes of 
progress curves were measured to give AA/min. The non-linear 
least-squares method was used to fit data and to calculate the 
kinetic constants К, and Ka [30]. The results were calculated 
based on a minimum of two measurements for each enzyme. 
Trx-PG activation kinetics, and pH dependency of activation 
were performed as described by Okoniewska et al. [15]. Starting 
fusion-protein concentrations were 0.2 mg/ml for Trx-PG ac- 
tivation kinetics and 0.3 mg/ml for pH dependency of activation 
studies. In Trx-PG activation kinetics, samples were taken as 
follows: for the wild-type protein, every 15 s at pH 1.1 and 2.0, 
and every minute at pH 3.0; for G76A, every 30 s at pH 1.1 and 
2.0, and every 2 min at pH 3.0; and for G76V and G76S every 
2 minat pH 1.1 and 2.0, and every 5 min at pH 3.0. The activation 
reactions were conducted at 14°C. Activation rate constants 
were calculated based on the hydrolysis of synthetic substrate I, 
using integrated rate law. pH dependency of activation was 
determined using milk-clotting assay [27]. The activity of samples 
was tested over ten pH values starting at pH 1.1, then 1.5, and in 
0 5-pH-unit increments to 5.5, after 1 h of activation. The results 
were calculated based on three measurements for each enzyme 


RESULTS AND DISCUSSION 


Molecular-dynamucs calculations (Figure 1) indicated that all the 
mutants 1n position 76 resulted in altered flexibihty of the flap. 
G76A mutant reduced the flexibility (increased the rigidity) in 
position 75 less than G76S and G76V mutants. The G76S 
mutant reduced flexibility of the flap in position 76 slightly less 
than the G76A mutant. The G76V mutant resulted in the 
greatest reduction in flexibility in position 76 and overall flap 
flexibility At the same time, the G76V mutation resulted in 
increased flexibility of T77 and G78. This increased flexibility 
could have resulted from the inability of T77 to participate in 
certain hydrogen-bond interactions due to increased rigidity 
in the neighbouring position 76. Substitution of glycine 76 with 
serine increased flap rigidity; however, less so than in the G76V 
mutant. The G76A mutation resulted in increased rigidity at the 
tip of the flap and greater overall flap flexibility. Therefore, 
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Figure 1 Evaluation of flap flexibility in pepsin G76 mutants and the wild- 
type (WT) using molecular-dynamics simulations 


Molecular-dynamics simulations were performed on the energy-minimized molecule models. 
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Figure 2 Electrophoresis and Western blot of mutant fusion proteins and 
pepsins 


(А) SOS/PAGE (12% gel) stained with Coomassie Brilliant Blue R-250. (B) Western blot of the 
same gel. Fusion protein (Trx-PG) lanes: 1, wild-type; 2, G76A; 3, G76V; 4, 6765. Active 
pepsin (PEP) lanes: 5, wild-type; 6. G76A; 7. G76V; 8, 6765; lane 8, commercial pepsinogen 
(PG). in comparison with the results from SDS/PAGE (A), the Western blot (B) indicated that 
there were additional diffuse bands with mobilities similar to pepsinogen in the wild-type, СТВА, 
G76V and 6765 fusion proteins. These bands were artifacts resulting from storage. Freshly 
prepared protein samples did not show any of these bands. However, to run ан samples оп 
a single gel required that certain samples be stored for some months. In addition it was 
estimated that the amount of these faint bands was less than 0.1% of the fusion protein, and 
that no difference in activity should be observed. 


© 2000 Biochemical Society 


the overall increase in flexibility could compensate for the more 
rigid tip of the flap. The molecular-dynamics calculations 
indicated that the greatest reduction of flexibility in position 76 
resulted in the highest increase in flexibility of T77. It was 
determined previously [15] that the hydrogen bond from T77 
participates in substrate alignment and indirectly positions the 
transition state. Consequently, the G76V mutation would be 
expected to have the greatest effect on enzyme kinetic parameters. 

All the enzymes had similar elution profiles (results not shown) 
and were purified to homogeneity, as indicated by single bands 
on SDS/PAGE (Figure 2A). The identity of all enzyme 
preparations in zymogen and active forms was determined by 
immunoblotting (Figure 2B). 

The secondary structure of all the mutants was analysed by 
far-UV CD spectroscopy. The results are presented in Figure 3. 
All the mutants had spectra overlapping with the wild-type, and 
their calculated secondary-structure contents were virtually the 
same as the wild-type (Table 2), indicating that no global 
secondary-structure change occurred as a result of the mutations. 

Tertiary-structure analysis bv near-UV CD spectroscopy (Fig- 
ure 4) revealed that there were differences between mutants and 
the wild-type protein. The G76A mutant had a profile very 
similar to the wild-type. However, profiles for G76S and G76V 
mutants were different than the wild-type, with the greatest 
difference in spectral pattern seen in the G76V mutant. The near- 
UV CD profile differences reflect changes in the environment of 
aromatic residues. In the pepsin molecule, G76 is in the direct 
vicinity of Y75. In addition. Y75 is close to other aromatic 
residues in pepsin's active site, e.g. W39, FILI and F117 [8.31]. 
The change in environment of the active-site residues could 
contribute to observed differences in near-UV CD profiles. 
Therefore, the results indicated that mutations G76S and G76V 
changed the environment of aromatic residues in the vicinity of 
position 76. All the CD results combined suggested that the 
mutations did not induce dramatic conformational change and 
that the observed differences were caused by changes in the local 


The mutants and wild-type protein were activated in ten 
different pH conditions from 1.1 to 5.5 over the same time of 
acidification to determine the pH dependence of the activation 
process. The amounts of pepsins formed were determined by 
milk-clotting assay. The activation profiles were plotted as 
relative amount of pepsin formed during the acidification time 
against pH of activation (Figure 5). The amounts of pepsin were 
the highest at the most acidic pH, demonstrating that all the 
enzymes were activated fastest in a highly acidic environment. 
Minimum milk-clotting activity was still observed at pH 4.5. The 
enzymes did not activate at pH 5.0 and 5.5. The activation 
profiles were similar for all the mutants and the wild-type 
protein, demonstrating that all the proteins reacted similarly to 
a change in pH environment. The mutations of G76 did not 
introduce any additional ionizable groups to the flap. However, 
the flap in pepsinogen is in a different position to that in pepsin 
and interacts with charged residues in the zvmogen. The maxi- 
mum change of the flap position 1s induced by residues G2-D3- 
E4-P5-L6-E7-N8 that insert between the flap and the E107-S110 
strand in the zymogen [10,14]. In addition, Y9 has been proposed 
to play a critical role in the stabilization of pepsinogen [32]. If 
any structural changes occurred in the zymogen they should have 
been reflected in the interaction pattern between the flap and 
the G2-Y9 strand and, therefore, in the pH dependency of the 
activation process. The results showed that there was no change 
in pH dependency of activation despite the mutations. 

All the mutants had similar pH activation profiles and puri- 
fication chromatogram profiles (results not shown), and 
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Figure 3  Far-UV CD spectra of the wild-type and mutant pepsins 


Experiments were саптай in 10 mM sodium acetate buffer, pH 5.3 Spectra were generated using 800 ш of 01 mg/ml purified enzyme solutions in a 0 1-cm pathlength cuvette after six scans 


from 190 to 250 nm at room temperature under continuous nitrogen flush 


Table 2 Secondary-structure content of wild-type pepsin and G76 mutants 
determined by far-UV CD 


RMS, root mean square 


Secondary-siructure content (%) 
Enzyme a-Helx  f#-Shest Д-т Random coll RMS 
Wild-type 39 568 125 268 3 91 
G76A 25 63 2 12.2 22 1 424 
G76V 41 575 113 270 2 87 
6765 37 56.2 119 281 220 





responded in the same manner to antibody binding, indicating 
that spatial conformation of the proteins was similar. Addi- 
tionally, structural analyses indicated that the conformation of 
the mutants in the amide region was the same as the wild-type. 
Structural perturbations were observed in the aromatic region 
and were associated with local differences of the flap. Therefore, 
it was concluded that mutations 1n position 76 did not change 
overall enzyme conformations and had only regional effects. 
Rate constants of the activation process were calculated for 
the mutants and the wild-type under three different pH con- 
ditions: pH 1.1, 2.0 and 3.0. Samples were taken at different 
activation times, quenched, and the amount of pepsin formed 
was determined with synthetic substrate I, as described in the 
Experimental procedures section. The activation process of 
pepsinogen fused with thioredoxin was shown to be unimolecular, 
contrary to the bimolecular activation process of native and 


recombinant pepsinogens [33] Therefore, the activation rate 
constants, presented in Table 3, correspond to first-order 
reaction constants. All the mutants activated more slowly than 
the wild-type, regardless of amino acid size and polarity. Under 
all pH conditions the activation reactions were the slowest for 
valine and serine mutants, which had comparable reaction rates. 
The alanine mutant activated slower than the wild-type protein 
but faster than the two other mutants. 

Kinetic properties of the wild-type and the mutant enzymes 
were determined with two synthetic substrates and the kinetic 
constants, К, and k,,,, were calculated using the non-linear least- 
squares method [30]. The kinetic parameters are presented in 
Table 4. All the mutants, regardless of amino acid size and 
polarity, had lower substrate affinity and turnover numbers than 
the wild-type enzyme. The differences in the catalytic parameters 
were similar for the two synthetic substrates, indicating that the 
changes were not substrate-specific and that the results could, 
therefore, be attributed to differences in the catalytic environ- 
ments of the mutants. The kinetic experiments were performed at 
two different pH values: pH 2.1 for synthetic substrate ] and pH 
3.95 for synthetic substrate II. The kinetic constants showed the 
same tendencies under the two different pH conditions. There- 
fore, it was concluded that the mutations did not change the pH 
dependencies of mature enzymes The above results indicated 
that the mutations had minimal effect on substrate binding and 
mainly influenced the properties of enzyme-bound species in the 
reaction pathway. In addition, stereochemical analysis of peptide- 
bond hydrolysis [16] and pepsin crystal structure [8] indicated 
that G76 is in a position most favourable for interactions with 
reaction intermediates. A possible involvement of G76 in 
stabilizing the transition state was indicated by the authors of the 
hypothetical catalytic mechanism for pepsin [17]. 
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Figure 4  Near-UV spectra of the wild-type and mutant pepsins 
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Expenments were carried In 10 mM sodium acetate butler, pH 5 3. Spectra were generated using 1 mi of 1 mg/m! punted enzyme solutions in a 1-cm pathlength cuvette after eight scans from 
320 to 240 nm at room temperature under continuous nitrogen flush Spectra were obtained from 1 mg/mi pepsin solubon in 10 mM sodium acetate buffer, pH 53 
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Figure 6 Relative amounts of pepsin formed during activation under 
diferent pH conditions for fuslon-proteln G76 mutants as determined by 
milk-clotting assay 


Each point represents the mean-++SD of three measurements 


The trend in the activation rate constants was similar to that 
for the catalytic rate constants of the mutants and wild-type 
enzyme. All the mutants were less efficient in catalysis and 
activation processes than the wild-type, and the alanine mutant 
had higher catalytic and activation efficiency than the two other 
mutants, valine and serine. These results indicate that G76 plays 
the same role ın the activation and catalytic processes. During 
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Table 3  First-order rate censtants for activation of Trx-P8 


Кы (тіп!) 
Enzyme pd 11 pH 20 pH 30 
Wild-type 44494-0262 281940152 10434-0 089 
G76A 031140076 033240014 0.104+0029 
G76V 01324-0.001 0152+0013 0054+001 
G76S 013 +0014 016640014 005940003 





the activation process, a prosegment represents a substrate. 
Therefore, the results suggest that proteolytic cleavage is a 
limiting step of the activation process. This is in agreement with 
earlier results that any changes in pepsin flap sequence in position 
77 had the same effect on the activation and catalytic processes 
and suggested that proteolytic cleavage limits the activation 
process of the fusion proteins [15]. 

All the mutants had altered kinetic constants compared with 
the wild-type; however, the degree of change was different for 
individual enzymes. The alanine mutant was affected less than 
either the valine or serine mutants, which had comparable 
catalytic constants, Alanine has the smallest van-der-Waals 
volume and accessible surface area compared with valine and 
serine. Therefore, it places a relatively smaller restriction on a 
polypeptide’s conformational flexibility and has relatively less 
contacts with surrounding atoms. Valine and serine mutants 
have larger volumes and their presence in a polypeptide chain 
results in greater conformational restrictions due to the atom- 
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Table 4 Kinetic parameters for wild-type pepsin and the G76 mutants 
Kinetic constants were calculated based on a minimum of two measurements for each enzyme 


Substrate Enzyme К (М А (87) ka K, (mt +37) 
(1) KPAEFF{NO.JAL Wild-type — 00434-0005 180.54103 4198-4 544 
G76A 0098--0008 470+99 395 + 96 
G76V 0071-0011 111411 160 4- 30 
G76S 0 085 -+ 0 005 25+06 29-47 
(10) LSF(NG,)NIeAL-OCH, Wik-type 001140002 887446 80644 1525 
С76А 0040 0.009 434-36 1085 -+ 260 
G76V 0044 +0005 12-01 28-F 3 
6765 0041-0008 29+03 70-616 





crowding effect. Consequently, the results suggested that all 
the mutations reduced polypeptide conformational freedom 
in the flap region. This is 1n agreement with molecular-dynamics 
calculations and structural analyses of the mutants, where the 
greatest local perturbations were observed for the G76V mutant. 
Similar observations were made in catalytic loops of other 
enzymes. The conversion of glycine in a fiexible loop of F,- 
ATPase into any residue bulkier than proline diminished the 
conformational mobility of the segment or destabilized f-turn 
[34]. Mutations of glycine 121 in the flexible loop of dihydrofolate 
reductase to valine and leucine modified loop flexibility and 
impaired its active-site lid function [35]. In glutathione synthetase, 
replacement of glycines and proline 1n the active-site loop with 
alanine and valine reduced flexibility of the loop [19]. Our results, 
combined with observations made in other loop structures, 
demonstrate that glycine in pepsin position 76 contributes to the 
flap flexibility and that this flexibility is essential for efficient 
catalysis. 

In addition to reduced flap flexibility, the mutants could cause 
different distribution of hydrogen bonds in pepsin’s binding cleft, 
especially the G76S mutant. The polar mutant had catalytic 
parameters lower than those of the wild-type and of a similar 
magnitude to the G76V mutant. However, serine’s volume and 
accessible surface area were closer to alanine than valine. 
Therefore, if only reduced flap flexibility contributed to the 
lower catalytic parameters of G76S they should have resembled 
the catalytic efficiency of G76A rather than of G76V. However, 
the G76A mutant had catalytic parameters that were affected 
less than both the G76S and G76V mutants. At the same time, 
G76S introduced an additional polar group and, therefore, a 
hydrogen-bonding potential, as compared with the wild-type 
and the other mutants. Consequently, our results suggested that 
the additional hydrogen bond in ће G76S mutant distorted the 
hydrogen-bond network in the active site in addition to the effect 
of reduced flap flexibility. In addition, molecular-dynamics 
calculation indicated that the G76V mutant would result in 
increased flexibility of T77 and, therefore, reduced probability of 
hydrogen-bond formation by the hydroxy group in position 77. 
Therefore, both G76S and G76V mutations would have resulted 
in altered hydrogen-bond distribution in comparison with 
the wild-type. The results support previous observations that the 
catalytic process ш pepsin is sensitive to any changes in a delicate 
network of hydrogen bonds that participate in substrate align- 
ment [10,15]. Differences in the hydrogen-bond patterns in 
aspartic proteinase binding clefts may contribute to substrate- 
specificity differences among the group members. For example, 
renin 15 the only aspartic proteinase that has serine in position 76 
(Table 1) and, at the same time, it is highly specific towards 


Table 5 Distances between atoms In the tip of the pepsin flap in 
pepsinogen, pepsin and inhibited pepsin (1.8—2.9 A resolution) 


| represents an inhibitor atom. 





Distance (A) 
Atoms Enzyme form..  Pepsinogen Pepsin Inhibited papsin 
76 NH 75 0 225 226 228 
76 0 3 65 363 337 
It OH — — 33 
i30 — — 2.9 
76 0 77 NH 2 20 2 23 2 28 
77 OH 461 4 92 2 82 
77 NH 77 OH 31 287 2 82 
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Figure 6 Schematic diagram of bydrogen bonds made by 076 and T77 


Inhibitor atoms are denoted by the letter | Hydrogen bonds present in pepsinogen, pepsin 
and inhibited pepsin are shown as thin broken lines Distances equivalent to newly formed 
hydrogen bonds in Inhibited pepsin are represented as thick broken lines 


angiotensinogen [36]. Consequently, 876 in renin (pepsin num- 
bering) is likely to contribute to the lower flap mobility and 
different hydrogen-bond pattern and, therefore, to the high 
specificity of this enzyme. 

The reduced flexibility of the flap could indirectly affect 
hydrogen-bond distribution near the active site. In fungal and 
mammalian pepsins it has been shown that hydrogen-bonding 
potential in position 77 is essential for enzyme specificity and 
efficient catalysis [15,37]. Lower conformational freedom of the 
mutated flap could prohibit the residue in position 77 from 
forming a hydrogen bond with a substrate that was supported by 
energy minimization. In addition, the steric hindrance caused 
by overcrowding of atoms in G76 mutants could change a 
pattern of hydrogen bonds made by the G76 backbone and, 
therefore, the stabihty of reaction intermediates. 

The distribution of hydrogen bonds in loops was thought to be 
responsible for their conformations [4]. Therefore, we also 
investigated hydrogen bonds between the flap backbone and 
side-chain atoms in pepsinogen, pepsin and inhibited pepsin. 
Table 5 lists possible distances of hydrogen bonds that were 
identified at the tip of the flap from crystal structures obtained at 
resolutions of 1.8-2.9 A. Therefore, bond distances should be 
considered with a 18 A confidence region. Figure 6 shows a 
schematic diagram of the hydrogen-bond distances at the tip of 
the flap in the three enzyme forms. Comparison of the three 
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enzyme forms, i.e. zymogen, active and inhibited pepsin, revealed 
that during catalysis changing distances in the flap region 
corresponded to formation of hydrogen bonds between G76- 
backbone atoms and an inhibitor and T77 In. the inhibited 
enzyme, the amide nitrogen of G76 came into hydrogen-bonding 
distance of the hydroxy and carbonyl oxygens of an inhibitor, 
and a carbonyl oxygen in position 76 came into hydrogen- 
bonding distance of the hydroxy group of T77. These results 
indicate that G76-backbone atoms participate in a hydrogen 
bonding to a substrate and aid in positioning the T77 hydroxy 
group in the most favourable conformation for substrate align- 
ment. Similar observations were made in the flexible loop of 
triosephosphate isomerase, where G171 hydrogen-bonded to a 
ligand and in this way was essential for substrate alignment [38] 

Likewise, the backbone nitrogen of loop glycine in lectin formed 
an essential part of the monosacchande-binding site In dihydro- 
folate reductase, glycine located in the catalytically important 
loop indirectly influenced ligand conformation by positioning 
the active-site loop [39-41] 

The four remaining hydrogen bonds between atoms of residues 
75, 76 and 77 are present in all pepsin forms, which indicates that 
they are responsible for the conformation of the flap tip and 
preservation of a turn structure. The same observations were 
made in fructose-1,6-bisphosphatase, dihydrofolate reductase 
and thymidylate synthase [41-43], where networks of hydrogen 
bonds have been found to stabilize conformations of catalytically 
important loops. This is in agreement with findings that internal- 
loop hydrogen bonds are essential for maintaining the con- 
formation of these structures [4] 

All the observations made of the flap hydrogen-bond patterns 
suggest that the carbonyl oxygen of G76 helps to position the 77 
hydroxy group, and that the 76 backbone nitrogen stabilizes the 
transition state. All the mutants in position 76 had altered 
catalytic properties since T77 was not able to adopt the proper 
conformation and G76-backbone hydrogen bonds were im- 
paired. This is in agreement with previous observations that 
preservation of hydrogen-bond potential, as 1n a T77S pepsin 
mutant, did not change enzyme catalytic properties [15]. A 
different distribution of hydrogen bonds in all G76 mutants and 
177 apolar mutants could distort flap conformation by changing 
interactions of atoms that maintain the flap structure. Conse- 
quently, different distribution of the hydrogen bonds at the flap 
tip could affect substrate alignment, geometry of the transition 
state and change conformation of the flap. 

In conclusion, the results indicated that G76 1s involved 1n the 
catalytic process. Introduction of any additional side chain to 
this position, as in the G76A, G76V and G76S mutants, resulted 
in less efficient catalysis and a slower activation process. Alanine, 
which has the smallest side chain of the three substituted amino 
acids, had the smallest effect on enzyme catalysis and local 
conformation. Introduction of bulkier amino acids, serine and 
valine, resulted in greater decreases in catalytic parameters 
and activation rate constants. Therefore, 1t was concluded that 
G76 is essential for pepsin-catalysed proteolysis by contributing 
to the flap flexibility. We suggest that flexibility 1s essential for 
hydrogen bonding of the T77 hydroxy group to a substrate. 
Detailed examination of possible hydrogen-bond distances at the 
tip of the flap revealed that G76-backbone atoms participated in 
maintenance of the flap conformation and in the geometry of 
reaction intermediates. Based on our results and observations 
made of structures of other enzymes, it is postulated that terminal 
glycine residues in catalytically 1mportant loops and turns serve 
to enable movement of the residues essential in enzyme action. 

All the above results and our previous studies [15] combined 
indicate that the tip ofthe flap, i.e. residues 76 and 77, participates 
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ш the catalytic and activation processes by hydrogen bonding to 
a substrate, or the prosegment, respectively. Binding 1s possible 
by changing the position of the flap, which is facilitated by G76 
contributing to flap flexibility. It is suggested that G76 acts as a 
hinge at the tip of the flap and enables formation of the hydrogen 
bond by T77, and that G78, which 1s preserved in all the 
compared aspartic proteinases (Table 1), serves as a second hinge 
of the flap tip. This is ın agreement with observations made in the 
crystal structures of aspartic proteinases [14] that the tip of 
the flap, residues 76—78 (pepsin numbering), is the most flexible 
fragment of this structure. Our hypothesis is supported further 
by the results of Tanaka et al [19] and Schneider et al. [20], who 
found that glycines act as catalytic loop hinges in glutathione 
synthetase and tryptophan synthase, respectively A change of 
the flap position enables interactions of position-76 backbone 
nitrogen with reaction intermediates and possibly contributes to 
stabilization of the transition state, which is in agreement with 
previous suggestions [16,17]. Additionally, we have shown that 
G76 and T77 contribute to the hydrogen-bond network that is 
responsible for substrate alignment and efficient catalysis. The 


flap’s internal hydrogen bonds are responsible for the con- - 


formation of this structure. 
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J. Denis McGARRY*t and Nicholas F. BROWN"! 


*Department of Internal Medicine, University of Texas Southwestern Medical Center, 5323 Harry Hines Boulevard, Dallas, Texas 75235-9135, U.S.A, and 
{Department of Biochemistry, University of Texas Southwestern Medical Center, 5323 Harry Hines Boulevard, Dallas, Texas 75235-9135, U.S А 


Carnitine palmitoyltransferase I (CPT I) catalyses the initial step 
of fatty acid import into the mitochondrial matrix, the site of £- 
oxidation, and its inhibition by malonyl-CoA is a primary 
control point for this process. The enzyme exists 1n at least two 
isoforms, denoted L-CPT I (liver type) and M-CPT I (skeletal- 
muscle type), which differ in their kinetic characteristics and 
tissue distributions. A property apparently unique to L-CPT I 
is that its sensitivity to malonyl-CoA decreases in vivo with 
fasting or experimentally induced diabetes. The mechanism of 
this important regulatory effect is unknown and has aroused 
much interest. CPT I is an integral outer-membrane protein 
and displays little activity after removal from the membrane 
by detergents, precluding direct purification of active protein by 
conventional means. Here we describe the expression of a 6 x His- 
tagged rat L-CPT I in Pichia pastoris and purification of the 
detergent-solubilized enzyme in milligram quantities. Reconsti- 
tution of the purified product into a liposomal environment 
yielded а 200—400-fold increase ın enzymic activity and restored 
malonyl-CoA sensitivity. This is the first time that a CPT I 
protein has been available for study in a form that is both pure 
and active. Comparison of the kinetic properties of the recon- 
stituted material with those of L-CPT I asit exists in mitochondria 
prepared from yeast over-expressing the enzyme and in livers 
from fed or fasted rats permitted novel insight into several 
aspects of the enzyme's behaviour. The malonyl-CoA response 
of the liposomal enzyme was found to be greater when the 
reconstitution procedure was carried out at 22 °C compared with 
4°C (IC,, & 11 4M versus 30 4M, respectively). When the 
sensitivities of L-CPT I in each of the different environments 
were compared, they were found to decrease in the following 


order: fed liver > fasted liver z liposomes prepared at 22 °C ~ P. 
pastoris mitochondria > liposomes prepared at 4 °C. In addition, 
pre-treatment of L-CPT I liposomes with the membrane- 
fluidizing reagent benzyl alcohol caused densensitization to the 
inhibitor. In contrast with the variable response to malonyl-CoA, 
the liposomal L-CPT I displayed a pH profile and kinetics with 
regard to the carnitine and acyl-CoA substrates similar to those 
of the enzyme in fed or fasted liver mitochondria. However, 
despite a normal sensitivity to malonyl-CoA, L-CPT I in P. 
pastoris mitochondria displayed aberrant behaviour with regard 
to each of these other parameters. The kinetic data establish 
several novel points. First, even after stringent purification 
procedures in the presence of detergent, recombinant L-CPT I 
could be reconstituted in active, malonyl-CoA sensitive form. 
Second, the kinetics of the reconstituted, 6 x His-tagged L-CPT 
I with regard to substrate and pH responses were similar to what 
is observed with rat liver mitochondria (whereas in P. pastoris 
mitochondria the enzyme behaved anomalously), confirming 
that the purified preparation is a suitable model for studying the 
functional properties of the enzyme. Third, wide variation in 
the response to the inhibitor, malonyl-CoA, was observed 
depending only on the enzyme’s membrane environment and 
independent of interaction with other proteins. In particular, the 
fluidity of the membrane had a direct influence on this parameter. 
These observations may help to explain the mechanism of the 
physiological changes 1n the properties of L-CPT I that occur 
m vivo and are consistent with the current topographical model 
of the enzyme. 


Key words: fatty acid, liposome, mitochondria. 





INTRODUCTION 


The carnitine palmitoyltransferase (CPT) system consists of 
three enzymes that operate sequentially to effect the net transport 
of long-chain fatty acids from the cytosol into the mitochondrial 
matrix, the site of f-oxidation. The first component, CPT I, an 
integral protein of the outer mitochondrial membrane, catalyses 
the transfer of a fatty acyl group from cytosolic acyl-CoA to 
carnitine. The acylcarnitine formed is then able to enter the 
mitochondrial matrix by means of a specific carnitine/ 
acylcarnitine carrier protein. A distinct gene product, CPT II, 
loosely associated with the inner aspect of the inner membrane, 


reverses the CPT I reaction, regenerating fatty acyl-CoA and 
releasing free carnitine. The acetyl-CoA formed may be com- 
pletely oxidized via the tricarboxylic acid cycle for the direct 
production of energy or, in the liver, may serve as a substrate for 
the synthesis of ketone bodies [1]. 

In addition to catalysing the first step in this transport process, 
CPT I plays a crucial role in the physiological regulation of fatty 
acid oxidation. This is mediated through potent inhibition of the 
enzyme by malonyl-CoA, the product of acetyl-CoA carboxylase 
and the first committed intermediate in the opposing pathway 
of fatty acid synthesis de novo. Thus in the liver, in the fed 
state, fatty acid synthesis is activated and malonyl-CoA levels 


Abbreviations used: CPT, carnitine palmitoyltransferase, L-CPT І, liver-type СРТ |, M-CPT I, skeletal-muscle-type CPT |; Ni-NTA, Ni**-nitrilotriacetate 
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rise, CPT I is inhibited and futile oxidation of the newly synthe- 
sized fatty acids is prevented. Conversely, during a fast, hepatic 
malonyl-CoA levels fall, such that £-oxidation and ketone-body 
synthesis can proceed efficiently (see [1] for a review). Although 
first described for the liver, it now appears that this system 
operates in non-lipogenic tissues as well. In skeletal muscle and 
heart, for example, acetyl-CoA carboxylase activity is present 
and malonyl-CoA levels are seen to rise and fall with changes in 
physiological state, just as in liver [2—5]. In these tissues, it is 
thought that malonyl-CoA 1s synthesized purely as a regulator of 
CPT 1. Because of its central role in whole-body fuel homoeo- 
stasis, CPT I has aroused interest as a target for pharmacological 
intervention 1n conditions of excessive fatty acid oxidation. For 
example, CPT I inhibitors are considered potentially valuable as 
hypoglycaemic agents in the long-term management of type-I 
diabetes or in the short-term reversal of diabetic ketoacidosis 
[6,7], as well as 1n the treatment of ischaemic heart disease where 
excessive oxidation of fatty acids 1s believed to exacerbate cardiac 
tissue damage [8—10]. 

Whereas CPT П, the inner-membrane (and malonyl-CoA- 
insensitive) form of CPT, is thought to be the same protein in all 
tissues of the body, CPT I is known to exist in at least two 
primary isoforms [1,11,12] These have been designated L-CPT I 
(liver type) and M-CPT J (skeletal-muscle type) since they appear 
to be the exclusive isoforms expressed in those organs, although 
each is found in a variety of other tissues [1]. In addition, based 
on analysis of mRNA transcripts, it has been suggested that 
alternatively spliced forms of M-CPT I may be expressed [13-15]. 
L- and M-CPT I are predicted to be proteins of 773 and 
772 amino acid residues, respectively, and are 63% identical 
at the amino acid level [16]. However, they differ in several 
important respects. Notably, the К for the substrate carnitine 
is 10-15-fold higher in the case of M-CPT I (~ 500 uM) and, 
whereas the IC,, for malonyl-CoA 1s ғ 0.03 uM for M-CPT I, it 
1s 100-fold higher for the liver enzyme [1]. Also, despite having 
almost identical predicted relative molecular masses, the two 
CPT I isoforms display different mobilities on SDS/PAGE [12]. 

An intriguing property unique to L-CPT I is that its sensitivity 
to malonyl-CoA changes with (patho)physiological state. When 
mitochondria are isolated from the livers of rats that have been 
fasted or rendered experimentally diabetic, L-CPT I 1s found to 
be markedly desensitized to malonyl-CoA when compared with 
those prepared from a fed animal [17—19]. In the case of fasting, 
this phenomenon of desensitization to the inhibitor 1s believed to 
act in physiological terms to amplify the effect of a decreased 
malonyl-CoA concentration. However, the mechanism of this 
change in the molecule's behaviour 1s unknown and remains 
controversial 

Each of the CPT cDNAs has now been cloned from rat, 
human and other species [1] and this has facihtated a number of 
recombinant expression studies that have provided some insight 
into which regions and/or amino acid residues within the CPT 
molecules bestow particular properties. In addition, a membrane 
topology has been proposed that envisages CPT I as consisting 
of a small N-terminal domain and a larger C-terminal domain, 
both lying on the cytosolic aspect of the outer mitochondrial 
membrane and connected by two membrane spans with a short 
loop in the inter-membrane space [20—23]. The C-terminal region 
contains the active site and the determinants for whether the 
molecule will display L- or M-CPT I-type kinetics with regard 
to the K, for carnitine or sensitivity to malonyl-CoA [23]. 
However, the N-terminal domain is crucial for a normal response 
to malonyl-CoA [23-27]. 

A practical problem that has hampered further progress in this 
area is the fact that CPT I is largely inactivated upon detergent 
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extraction from the membrane [24,28]. This effect, presumably 
reflecting the necessity for a membrane environment to maintain 
the native tertiary structure of the protein, has made it impossible 
to obtain CPT I in a form that is both pure and active. In the 
present study we have overcome this obstacle. Rat liver CPT I, 
expressed at high levels in the yeast Pichia pastoris and purified 
from detergent extracts in milligram quantities, was reconstituted 
into artificial phospholipid liposomes with concomitant re- 
establishment of catalytic activity and malonyl-CoA sensitivity. 
This provides the first opportunity to study the properties of a 
CPT I isoform in active form in a defined environment free of 
contaminating proteins. The liposomal CPT I preparation has 
allowed us to demonstrate a direct effect of membrane en- 
vironment on the malonyl-CoA sensitivity of the enzyme and has 
yielded additional insight into the relationship between the 
enzyme’s catalytic and inhibitory sites. The data shed new light 
on the phenomenon of the desensitization of L-CPT I to its 
physiological inhibitor. 


EXPERIMENTAL 
Animais 


Male Sprague-Dawley rats (200—250 р) were housed in a room 
lit from 10:00h until 22:00 h, and maintained on a high- 
carbohydrate/low-fat diet [60 95 sucrose/20 95 protein/ < 0.1% 
fat (w/w)]. Fasted rats were deprived of food from 16:00 h 2 days 
prior to experiments (ie. approx 42h of fast). Animals were 
killed at 09 30 h by injection of Nembutal (50 mg/kg) followed 
by cervical dislocation. Liver mitochondria were prepared at 
4 °C, as described previously ([2], method A), and resuspended 
in 150 mM KCl/5 mM Tris/HCl, pH 7.2. 


Expression of rat L-CPT | in P. pastoris 


Engineering of plasmid pCMV6-rL-CPT I containing the full- 
length cDNA for rat L-CPT I has been described [11]. With 
that plasmid as template, the PCR was used to amplify the 
coding region of the cDNA. The 5' primer oligonucleotide, 
complementary to the first 21 bases of the open reading 
frame, contained, in addition, an Sful restriction site (CCCGA- 
ATICGAAATAATGGCAGAGGCTCACCAAGCT) The 3’ 
primer encoded the last 21 bases of the coding region as well as 
six histidine residues, a stop codon and an 5/41 site (CCCGA- 
ATTCGAATTAATGGTGATGGTGATGGTGCTTTITA- 
GAATTGATGGTGAG). The product was ligated into the 
unique Sful site of plasmid pPICZA (Invitrogen, Carlsbad, CA, 
U.S.A.). This placed the rat L-CPT I cDNA under the control of 
the methanol-inducible AOX1 promoter. The fidelity of the 
amplification reaction was confirmed by DNA sequencing and 
the final product is designated pPICZA-rL-CPT I-his6. The 
plasmid was linearized with restriction enzyme Pmel and used to 
transform P. pastoris strain GS115 employing the EasyComp 
method (Invitrogen) to generate stable chromosomal integrants. 
Transformed colonies were selected using the Zeocin resistance 
encoded by the parent plasmid. Eight colonies were chosen for 
initial study and the highest-expressing strain, GS115-776-rL-1, 
was used for further experiments. (Growth and preparation of 
homogenates for characterization of these strains was essentially 
by a small-scale version of the procedure described below.) 


Preparation of P. pastoris mitochondria and membrane fractions 


A single colony of GS115-776-rL-1 was used to inoculate starter 
cultures in MGYH [minimal glycerol medium with histidine, 
1.34 9$ (w/v) yeast nitrogen base without amino acids/1 % (v/v) 


we 
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glycerol /4 x 1075 % (w/v) biotin/0.004 % (w/v) histidine] which 
were grown with shaking overnight at 30°C. Induced cul- 
tures were inoculated from these to an initial D,,, of 1.0 in MMH 
[minimal methanol medium with histidine; as MGYH, but with 
1% (v/v) methanol and without glycerol] and grown for 24 h. 

A mitochondrially enriched fraction was prepared from 400- 
ml induced cultures as described previously for Saccharomyces 
cerevisiae [29]. Briefly, the cell wall was removed enzymically, the 
spheroplasts were broken using 20 cycles of a glass homogenizer 
fitted with a tight pestle and a mitochondrial fraction was 
isolated by differential centrifugation. The final product 
was resuspended in 150 mM KCI/5 mM Tris/HCl, pH 7.2 To 
obtain preparations of total P. pastoris membranes, six 400-ml 
induced cultures were harvested, after which spheroplasts were 
prepared and homogenized as above in a final volume of ~ 80 ml 
of 0.6 M mannitol/10 mM Tris, pH 7.4/1 mM PMSE. This was 
divided into four equal portions and centrifuged at 100 000 g for 
30 min at 4°C. The resulting membrane pellets were frozen in 
liquid nitrogen and stored at — 70 ?C. 


Purification of recombinant rat L-CPT | 


A membrane pellet prepared as above was thawed rapidly, 
resuspended in 22.5 ml of 500 mM NaC1/50 mM sodium phos- 
phate, pH 8.0/1 mM PMSF/2 mM mercaptoethanol and homo- 
genized. To this was added 2.5 ml of 1095 (v/v) Triton X-100 to 
give a final detergent concentration of 1%. Extraction of the 
membrane proteins was allowed to proceed with gentle stirring 
for | hat 4 °C, followed by centrifugation at 100000 g for 30 min 
at 4°C and collection of the supernatant (~ 25 ml). A 50% 
slurry of Ni*'-nitrilotriacetate (Ni- NTA)}-agarose (2 ml; Qiagen, 
Chatsworth, CA, U.S.A ) was washed twice with 3 ml of loading 
buffer (500 mM NaCl/50 mM sodium phosphate, pH 8.0/ 
10 mM imidazole/1% Triton X-100/2 mM mercaptoethanol) 
and added to the membrane extract. Imidazole (5 M, 50 ul) was 
also added (to give a final concentration of 10 mM) so that the 
preparation was now essentially in loading buffer. The mixture 
was again stirred gently at 4°C for 1 h before centrifugation at 
500 g for 5 пир. The matrix was washed twice with 4ml of 
loading buffer and finally resuspended in the same volume. The 
slurry was transferred to a glass column (1cm diameter) 
fitted with a sintered glass frit and the flow rate adjusted to 
д 0.2 ml/min. The resulting matrix bed (œ 1 ml) was then 
washed sequentially with 10 ml of loading buffer/20 ml of 1 M 
NaCi/50 mM sodium phosphate, pH 8.0/20 mM imidazole/1 9; 
Triton X-100/2mM mercaptoethanol and 3 ml of 500mM 
NaC1/50mM sodium phosphate, pH 8.0/20 mM unidazole/ 
0.1% Triton X-100/2 mM mercaptoethanol. Elution was carried 
out with 2.5 ml of 500 mM NaCl/50 mM sodium phosphate, 
pH 8.0/250 mM imidazole/0.1% Triton X-100/2 mM mercap- 
toethanol. The entire purification was performed in the cold. 


Reconstitution of rat L-CPT | 


For reconstitution experiments, 2 ml of the Ni-NTAÀ-agarose 
column eluate was applied to a Centricon 10 microconcentrator 
(Amicon, Beverley, MA, U.S.A.) and centrifuged at 5000 g for 
45 min at 4°C, which reduced the volume to ғ 450 ul. The 
reconstitution procedure was a modification of that of Garlid 
and co-workers [30]. To prepare the phospholipids, 50 mg of 
asolectin (from soya bean, primarily phosphatidylcholine) was 
dissolved ın 500 д1 of chloroform in a glass vial, dried under a 
stream of nitrogen, redissolved in ~ 1 ml of diethyl ether and 
once again dried. It was then solubilized in 650 ui of 20 mM 
Hepes, pH 7.2, plus 100 д1 of octyl polyoxyethylene, by heating 


at 50°C with frequent mixing. The lipid was cooled to 4°C 
before addition. of 300 ul of the. concentrated recombinant 
protein. To prepare the BioBeads SM2 adsorbent (Bio-Rad, 
Richmond, ‘CA, U.S.A.), 1.5 g was placed in а 14-ml capped 
plastic tube and washed twice with 3 ml of 20 mM Hepes, 
pH 7.2. The washing buffer was removed to leave a final volume 
of я 2.5 ml. The lipid/protein mixture was added and rocked for 
60 min at 4 or 22 °C (see the Results section) and the contents 
were then transferred to a disposable spin column fitted with a 
paper frit. Proteoliposomes were harvested by centrifugation at 
400 g for 2 min. 


Assay of CPT activity 


CPT I was assayed ın the direction of acylcarnitine formation 
using palmitoyl-CoA and carnitine as substrates [12]. Except 
where noted, final concentrations in the assay were: 500 uM L- 
carnitine (including 0.125 Ci of r-[C]carnitine), 50 uM 
palmitoyl-CoA, 4 mM ATP, 4 mM MgCI,, 0 25 mM glutathione, 
4 mM МРСІ,, 40 ug/ml rotenone, 2 mM KCN, 15 mM KCI, 1% 
(w/v) BSA and 105 mM Tris/HCl, pH 7.2. Malonyl-CoA was 
added as indicated. For pH curves, to-provide buffering over a 
wide range, the assay was as above, but 35 mM each of Tris, Tes 
and Mes buffers were substituted for the 105 mM Tris. Assays 
were performed over 4—6 min, durmg which time reaction 
rates were linear. In certain experiments, to artificially fluidize 
the liposomal membrane, a portion of the proteoliposomal prep- 
aration was made 40 mM with respect to benzyl alcohol. Thus 
and a control sample were then placed at room temperature 
(2 22 °C) for 8 min before assay. 


Proteln measurement 


The BCA (bicinchoninic acid) protein assay reagent (Pierce, 
Rockford, IL, U.S.A ) was used with BSA as standard. In the 
case of fractions from the L-CPT I purification and the proteo- 
liposomes, 1nterfering substances were present. To remove these, 
the following precipitation procedure was carried out. Samples 
were made up to a volume of 50 ul with 20 mM Hepes, pH 7.2, 
in a Microfuge tube, 250 ul of —20 °C ethanol/ether (3:1, v/v) 
was added and the tubes were placed at — 20 °C for 30 min. They 
were then centrifuged at 16000 g for 10 min at 4?C and the 
supernatant was removed. The pellet was resuspended with 
250 д1 of ethanol/ether (1:1, v/v) and the precipitation and 
centrifugation steps were performed similarly The process was 
then repeated with ethanol/ether (1:3, v/v) and finally with ether 
alone. The protein pellet was allowed to air dry for 5 min before 
resuspension with 50 ul of 5% SDS in 0.1 M NaOH. 


RESULTS 


Plasmid pPICZA-rL-CPT I-his6 was designed for expression of 
recombinant rat L-CPT I in the yeast P. pastoris. To facilitate 
rapid purification of the recombinant product, bases encoding a 
hexahistidine tag (6 x His) were introduced at the. 3^ end of the 
open reading frame. As a result, the expressed enzyme would 
possess an additional six histidine residues at its C-terminus, 
permitting purification over a metal-chelate affinity matrix such 
as Ni-NTA-agarose. After transformation of P. pastoris strain 
GS115 with plasmid pPICZA-rL-CPT I-his6, eight colonies were 
analysed for the presence of CPT activity. Small cultures of each 
were induced with methanol as sole carbon source and total 
homogenates prepared. All displayed significant catalytic ac- 
üvity, whereas a control strain transformed with the vector alone 
had none. The highest-expressing strain, GS115-776-rL-1, was 
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Table 1 Reconstitution of rat L-CPT | 


Samples were prepared and assayed as described under the Experimental section. Alf data are the means + S.D. of the number of independent determinations indicated in parentheses. Activity 
in the presence of 100 «М malonyl-CoA is given as a percentage of the value in the absence of inhibitor. nd., not determined. 





CPT activity 


(nmol/min per mg of protein) 


+ 100 uM malonyl-CoA (%) 





P. pastoris membranes 
Triton X-100 supernatant 


Triton X-100 pellet 
Ni-NTA—agarose eluate 
Concentrated eluate 
Proteoliposomes (4 °C) 
Proteoliposomes (22 °C} 


0.117 +0.08 


1.08 + 0.7 ( 
245 +124 ( 
473 +134 | 


( 
1.49 +05 (5 
5 


30.7+7.3 (6) 
nd. 
nd. 

1147 -421.2 05) 
131.0 +35.0 (4) 
37.843 (4) 
22.1 + 3.2 (3) 








Figure 1 Purification of recombinant rat L-CPT | from P. pastoris 


SDS/PAGE analysis of fractions from a typical purification, The same proportion of each fraction 
was used (0.05 55), except for the right-hand proteolipasome lane where 5-fold more was loaded. 
Triton X-100 extract, total membrane proteins solubilized by the detergent: unbound, material 
remaining in solution after incubation with Ni-NTA agarose: washes, combined column washes: 
eluate, material eluted from the column by 250 mM imidazole: matrix, material retained by the 
column; proteoliposomes, material after reconstitution. 


chosen for further analysis. For purification of the recombinant 
product, large cultures were induced and total membrane frac- 
tions prepared (see the Experimental section). Membrane 
pellets corresponding to 600 ml of original culture were 
solubilized with 1°, Triton X-100 and the insoluble material 
was sedimented. Western blots indicated an almost quantitative 
extraction of recombinant L-CPT I (results not shown). CPT I 
activity, both in the supernatant and pellet fractions, was largely 
abolished by the Triton X-100 extraction procedure (Table 1), 
consistent with many previous observations that L-CPT I is 
largely inactivated upon removal from its membrane environ- 
ment. Incubation of the solubilized enzyme with Ni-NTA- 
agarose resulted in specific binding of the 6 x His-labelled protein. 
Figure 1 shows SDS/PAGE analysis of a typical purification. 
Comparison of lane | (total Triton X-100 extract) with lane 2 
(unbound material) clearly shows that the band at = 88 kDa 
corresponding to L-CPT I was removed by incubation with the 
matrix. The strength of binding permitted washing of the column 
under severe conditions (1 M NaCl/1*; Triton X-100) and the 
eluted product was brought to a high degree of purity in a single 
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step (lane 4). The yield of purified recombinant L-CPT I was 
x 2 mg/l of culture. 

As shown in Table 1, despite its purified state, the eluted 
material retained a much lower specific activity than the original 
preparation of total yeast membranes. Furthermore, in contrast 
with the starting material, the low activity detected in the column 
eluate was not inhibited by malonyl-CoA. Removal of detergent 
and combination of the purified protein with phospholipid to 
generate proteoliposomes was carried out at either 4 or 22 °С. 
Either procedure resulted in a massive (200-400-fold) enhance- 
ment of specific activity and, additionally, resurrection. of 
malonyl-CoA sensitivity similar to what was observed in the 
initial membrane preparation. (Differences shown in Table ! 
between the specific activities of proteoliposomes reconstituted 
at different temperatures are not significant and. indeed, in two 
experiments in which both variations were carried out sim- 
ultaneously with portions of the same purified enzyme prep- 
aration, no differences in specific activity were observed.) 
Interestingly, the enzyme reconstituted at 22°C appeared to 
display a slightly greater sensitivity to inhibition by malonyl- 
CoA (Table 1). To ensure that the increase in specific activity 
upon reconstitution was not simply due to the removal of the 
detergent (rather than incorporation into phospholipid vesicles) 
an identical experiment was performed with the omission of the 
lipid component. The resulting material was totally devoid of 
activity and, furthermore, a visible precipitate was formed (results 
not shown). When account is made for sample volumes and 
losses of L-CPT I protein during the extraction, binding, elution, 
concentration and reconstitution stages, the final yield of CPT 
activity was = 15°), of that in the starting material. 

To validate that the L-CPT I had indeed been incorporated 
successfully into liposomes, we examined the sedimentation 
properties of the reconstituted product. Centrifugation of the L- 
CPT I proteoliposomes at 2000 g for 2 min resulted in almost 
complete retention of activity in the supernatant fraction 
(96.8 44.4“, recovered in the supernatant and 3.1+0.9°,, in the 
pellet, relative to starting activity of 100°). In contrast, when 
the proteoliposomes were subjected to high-speed centrifugation 
(150000 g for I h), the largely cleared supernatant contained 
very little activity (3.0 4 1.795), most of which was recovered in 
the liposomal pellet (63.4 + 8.6 ^;,). Brief sonication of the proteo- 
liposomes caused no change in either the activity or malonyl- 
CoA sensitivity of the reconstituted material (results not shown). 
This would suggest that (i) the majority of the enzyme was 
present in the correct orientation, i.e. N- and C-termini outside, 
or (н) if a significant fraction of the liposomal L-CPT I had the 
opposite orientation, the enzyme present on the inside aspect of 
the phospholipid bilayer had ready access to both substrates. 
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Figure 2 Effect of malonyl-CoA on L-CPT I 


Values are given as percentages af the activity In the absence of inhibitor [means + S.D. for 
three (or six, 4 °C liposomes only) independent preparabons] Absolute values at 0 uM 
malony+CoA were: fed liver mitochondria, 8.16 4:1 83, fasted imer mitochondia, 20 9+ 8.7 ; 
P pastors mitochondra, 439-+0.72, proteoliposomes prepared at 4 °C, 2454 124, 
protealiposomes prepared at 22 °C, 473 134 nmol/min per mg of proteln Note that the 
absetssa is on a logarithmic scale 


In addition to a direct kinetic analysis of the L-CPT I 
reconstituted at 4 or 22 °C, we performed parallel experiments 
with a mitochondrial fraction prepared from the P. pastoris 
strain expressing the recombinant enzyme and also with mito- 
chondria from the livers of fed and fasted rats. Figure 2 shows 
the effect of malonyl-CoA on each of these preparations. The 
IC,, for L-CPT I in fed liver mitochondria was œ% 3 uM. As 
expected, fasted liver mitochondria were somewhat less sensitive, 
with an IC,, of 58 4M. L-CPT I in situ in P. pastoris 
mitochondria was slightly less sensitive than that of the fasted 
liver. The temperature at which reconstitution of the purified L- 
CPT I was performed had a marked effect on the malonyl-CoA 
sensitivity of the proteoliposomal enzyme. L-CPT I reconstituted 
at 22 °С had an IC, of ~ 11 4M but this value increased to 
£ 31 uM with material reconstituted at 4 °С. The kinetic data 
are summarized in Table 2. 

The K, values for carnitine of the fed and fasted rat hver 
mitochondrial L-CPT I were identical, at about 60 uM (Table 2). 
Relative to the liver mitochondria, the carnitine curve for the 
liposomal enzyme was slightly left-shifted with a calculated K,, of 


Table 2 Kinetic characteristics of rat L-CPT | in different preparations 


.pastoris 
€ 4°C proteoliposomes 
O 22*C proteoliposomos 





52 56 60 64 68 72 7.6 8.0 8.4 8.8 
pH 


Figure 3 Effect of pH on L-CPT I activity 


(А) Activities are normalized as percentages of those values at pH 7 2 in the absence of malonyl- 
CoA, solid lines, activity without malonyl-CoA, dashed lines, actrity In the presence of 5 uM 
malonyl-CoA, (B) Tha activity in the presence of 5 дМ malonyl-CoA rs presented as percentages 
of those values In rts absence. All data are means +S D for three experiments with Independent 
preparations 


zz 40 uM (regardless of the reconstitution temperature). How- 
ever, L-CPT I in P. pastoris mitochondria showed a substantially 
greater divergence, with a К, of only ж 18 uM. As regards the 
response to an increasing concentration of palmitoyl-CoA, 


All data are means S D of three or six (*) independent preparations. 1С... concentration of inhibitor required for 50% inhibition of enzyme activity A, (camitine) data were derived from 
Fadie—Hofstes Imearrzation plots of the carnitine curve data. The response to palmitoyl-CoA is presented as the concentrabon required for 50% of the activity at 300 uM (Suan). 


ICs (malonyl-CoA: uM) Kp (carnitine, uM) Spon (palmitoy-CoA, uM) 
Fed rat Inver mitochondria 3.0 3-02 61.9447 253440 
Fasted rat Iver mitochondria 78+23 62.7 +12 347+58 
P pastos mitochondrra 1204026 17 9-12 94020 
Rat L-CPT І proteoliposomes (4 °С) 31.5+60 37.3+60 340+26 
Rat L-CPT | proteoliposomes (22 °C) 11.4+20 38 7 4- 0.4 28 2 --41 
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Figure4 Effect of banzyl alcohol on malonyl-CoA sensitivity of reconstituted 
L-CPT | 


Values are given as percentages of the activity in the absence of inhibitor (means-E SD for 
three independent preparations) Panels show L-CPT | liposomes reconstituted at (A) 22 °C or 
(B) 4 °C Data are presented for samples in the absence (solid lines) or presence (dashed lines) 
of 40 mM benzyl alcohol (see the Experimental section) Note that the abscissa is on a 
logartthmic scale 


liposomal L-CPT I displayed similar characteristics to the native 
enzyme in rat liver mitochondria. Once again, the greatest 
disparity was observed with the enzyme in P. pastoris mito- 
chondria, where the curve appeared to saturate much more 
slowly than was the case for the other preparations. Under the 
assay conditions used (in the presence of 1 9; BSA) CPT displays 
non-ideal kinetics with regard to palmitoyl-CoA, making it 
impossible to calculate a meaningful K, for that substrate. 
However, for comparative purposes, the palmitoyl-CoA 
responses are summarized in Table 2 as the concentration of 
substrate giving half the maximal activity observed at 300 uM 
(Soo: 

Figure 3 shows activity for each of the L-CPT I preparations 
over the pH range 5.6-8.8 (Figure 3A, solid lines). Similar 
profiles were obtained with fed and fasted liver mitochondria and 
with the reconstituted protein. In contrast, the enzyme in P. 
pastoris mitochondria showed markedly altered behaviour, ap- 
pearing to have a lower pH optimum and to be more sensitive to 
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higher pH than the others. The dashed lines in Figure 3(A) 
represent similar experiments performed in the presence of 5 uM 
malonyl-CoA. At our standard assay pH of 7.2, consistent with 
the data in Figure 2, the different preparations of L-CPT I 
showed a range of inhibition levels, the enzyme in fed liver 
mitochondria being the most sensitive while L-CPT I 
reconstituted at 4°C was the least inhibited. In Figure 3(B), 
activity in the presence of 5 uM malonyl-CoA is expressed as a 
percentage of that 1n the absence of the inhibitor. In all cases, 
malonyl-CoA became increasingly effective as the pH was 
lowered, consistent with earlier findings [31,32]. However, the 
slope of the curve in the pH range 6.5—7.5 varied markedly, fed 
liver showing the sharpest dependence of malonyl-CoA sensitivity 
on pH and liposomes generated at 22 °C being the least affected. 
At pH 8.0-8 8 malonyl-CoA was largely ineffective. 

To assess the direct influence of membrane fluidity on the 
sensitivity of L-CPT I to malonyl-CoA, inhibition curves were 
obtained for the proteoliposomes after pretreatment with benzyl 
alcohol. The concentration of this agent (40 mM) and the time of 
exposure (8 min) have been shown to elicit a maximal effect on 
L-CPT I in situ 1n rat liver outer mitochondrial membranes [33]. 
As shown in Figure 4, fluidization of the artificial membrane 
environment caused a right-shift in the inhibition curve. This 
change (presented for clarity on a logarithmic scale) represents 
more than a doubling of the IC,, for proteoliposomes made at 
22°C (Figure 4A), the value increasing from 11.4+2.0 to 
26.7 1- 7.6 uM. Proteoliposomes generated with the 4 °C protocol, 
already less sensitive compared with those manufactured at the 
higher temperature, were also capable of further desensitization 
with benzyl alcohol (Figure 4B). In this case, the IC,, rose from 
34.3+6.1 to 67.7 t: 7.5 uM. Total activities in the absence of 
malonyl-CoA were also increased slightly by the fluidization 
protocol [values after treatment of 121 +6 and 113 +9 % relative 
to untreated controls, for liposomes produced at 4 and 22 °С, 
respectively (n = 3 in each case)]. 


DISCUSSION 


Our primary goal here was to establish a protocol by means of 
which a mammalian mitochondrial CPT I isoenzyme could be 
obtained in pure and active form and with characteristics as close 
as possible to those of the enzyme in its natural environment. We 
chose to work with rat L-CPT I for three reasons. First, to permit 
direct comparison with the native protein, we preferred to work 
with a rat enzyme, since mitochondria from this species are 
readily available. Second, the enzyme as it exists in rat liver 
mitochondria has been studied extensively [1]. Third, we were 
particularly interested in a unique property of the L-isoform of 
CPT I, namely its changing sensitivity to malonyl-CoA under 
different metabolic circumstances. 

In previous structure-function studies of the CPT enzymes we 
have used Escherichia сой, S. cerevisiae and mammalian COS 
cells as expression vehicles [11,12,23,24,29,34,35]. Each has its 
advantages. Whereas COS cells provide a mammalian mito- 
chondrial environment for the expressed protein, they also 
contain an endogenous CPT activity that can complicate in- 
terpretation of the data. In contrast, the prokaryotic and yeast 
systems have no baseline CPT activity, and both have proved 
useful for expression of CPT II [29,35]. However, recombinant 
L-CPT I was produced only at low levels by S. cerevisiae [24]. By 
contrast, all three mitochondrial CPT isoforms, 1.e. L-CPT I, M- 
CPT I and CPT II, were found to be expressed at high levels in 
P. pastoris [25,27,36—39]. In the present work, not only did this 
yeast strain synthesize the 6 x His-tagged rat L-CPT I efficiently, 
but purification of the recombinant product using Ni-NTA- 
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agarose was accomplished with relative ease and rapidity, and 
the yield of ~ 2 mg of purified protein/l of P. pastoris culture 
(high for an integral membrane protein) was ample for our 
purposes. 

As would be predicted from earlier studies with L-CPT 1ш rat 
liver mitochondria [28] or the protein expressed in S. cerevisiae 
[24], the detergent-solubilized enzyme produced by P. pastoris 
possessed very little catalytic activity. However, due to the highly 
purified and concentrated nature of our L-CPT I preparation, 
even with the very low specific activity of the solubilized enzyme, 
we could determine that the activity present was not sensitive to 
malonyl-CoA. Woldegiorgis and colleagues have previously 
shown that when L-CPT I is expressed in P. pastoris, a Triton X- 
100 extract of total membrane protein/lipid can be combined 
with additional phospholipid in vitro with partial restoration of 
catalytic activity [36]. Using a similar approach, but this time 
using a highly purified and lipid-free preparation of L-CPT I, 
when our enzyme was combined with phospholipids and the 
detergent removed with an adsorbent, its specific activity 
increased some 200—400-fold and, importantly, it proved to be 
malonyl-CoA-sensitive. In addition, the reconstituted material 
displayed properties characteristic of proteoliposomes This is 
the first time that a catalytically active and malonyl-CoA-sensitive 
CPT I enzyme has been obtained in pure form. Furthermore, as 
discussed in more detail below, the substrate kinetics and pH 
dependence of the reconstituted, 6 x His-tagged L-CPT I were 
similar to those of the enzyme 1п rat liver mitochondria. 

This advance allowed us to assess the kinetic characteristics of 
L-CPT Im a variety of membrane environments. Specifically, we 
compared the properties of the purified enzyme reconstituted by 
two slightly different protocols with those of the protein as it 
exists when over-expressed in the P. pastoris mitochondrial 
membrane and, importantly, with those of the native protein in 
hver mitochondria taken from fed and fasted rats. The data for 
malonyl-CoA sensitivity of L-CPT 1 in intact liver mitochondria 
illustrate the well-established phenomenon of the enzyme's 
desensitization to the inhibitor that occurs with fasting. Although 
this observation has been made many times in different labora- 
tories, understanding the mechanism of the change has been a 
major challenge and several theories have been proposed. 
Kolodziej and Zammit showed that when chemical reagents were 
used to artificially increase the fluidity of rat liver mitochondrial 
membranes L-CPT I became less sensitive to inhibition [33] 
Also, use of fluorescent probes indicated that conditions under 
which desensitization of hepatic L-CPT I occurs in vivo are 
associated with decreased order of the hydrophobic core of the 
membrane [19]. It was suggested, therefore, that the state of 
the membrane might significantly influence the properties of the 
enzyme However, in the same study, no consistent correlation 
could be made between changes in L-CPT I sensitivity and gross 
alterations in the lipid composition of the membrane. It was 
proposed that variations in lipid make-up could occur at the level 
of ‘microdomains’ within the outer membrane. In that context, 
it 1s interesting to note that CPT I may be concentrated at the 
mitochondrial membrane contact sites [40]. 

The idea has also been put forward that the prevailing level of 
malonyl-CoA itself might play a direct role, a concept suggested 
by the finding that pre-incubation of mitochondria with malonyl- 
CoA can enhance subsequent sensitivity of -L-CPT I to the 
inhibitor [41,42]. Consistent with this notion is that physiological 
conditions associated with a decreased sensitivity are also those 
in which the malonyl-CoA levels are lowest More recently, it has 
been proposed that the apparent change in sensitivity on fasting 
may not result from a conformational change in the existing L- 
CPT I protein, but from the induced expression of a less-sensitive 


CPT I isoform [15]. Yet another possibility is that the change is 
the consequence of interaction of CPT I with some as-yet- 
unidentified regulatory protein. The protocol we have developed 
provided a previously unavailable purified enzyme model with 
which to examine the phenomenon. In particular, we have been 
able for the first tume to study variation in the properties of the 
same enzyme in various environments and under conditions 
devoid of any putative specifically interacting regulatory proteins 
and in some cases entirely outside the mitochondrial milieu. This 
approach has permitted important new light to be shed on the 
likely mechanism of desensitization to malonyl-CoA. 

Initial comparison of the recombinant L-CPT I over-expressed 
in P. pastoris with the native protein in liver mitochondria clearly 
demonstrates that the properties of both are broadly similar. In 
terms of malonyl-CoA sensitivity, L-CPT I present in P. pastoris 
mitochondria behaved most like the desensitized, ‘fasted’ version 
of the enzyme in vivo. Others have reported IC,, values for L- 
CPT I in P. pastoris as low as 1.9 «М [36] and as high as 54 uM 
[39]. The reasons for these discrepancies are unknown, but 
presumably reflect some differences in the details of the expression 
system, handling of the protein by the yeast cells under different 
circumstances, sample preparation or CPT assay. Hence, simple 
comparison of the sensitivity of the enzyme over-expressed in the 
yeast cell with those of L-CPT I in situ in the complex protein 
milieu of the rat liver mitochondrial outer membrane provides 
little clarification of the desensitization phenomenon. We were 
interested in determining if the membrane lipid environment 
could have a direct effect on the enzyme’s response to malonyl- 
CoA. The critical observation made here is that the same 
recombinant L-CPT I protein that displays a certain sensitivity 
to malonyl-CoA when present in the P. pastoris mitochondrial 
membrane may display a similar, or markedly lower, sensitivity 
when reconstituted into the artificial liposomes, depending only 
on a slight variation in the reconstitution protocol. The physical 
explanation for the effect of temperature on the reconstitution 1s 
unclear, but presumably reflects differences in the structure of the 
liposomes formed. Although primarily phosphatidylcholine, soya 
bean asolectin contains a mixture of phospholipids, varying in 
both head group and lipid moieties, and therefore it is not 
surprising that the differential phase behaviours of these com- 
pounds should lead to temperature-dependent variation 1n the 
make up of the liposomes. It should be noted that desensitization 
of L-CPT I in liver mitochondria can occur with partial pro- 
teolysis [42,43], presumably through loss of the N-terminal 
domain. However, we do not believe that significant degradation 
of our protein occurred. Certainly, SDS/PAGE analysis of the 
reconstituted enzyme shows no evidence for proteolysis and, 
furthermore, the IC,, of 30 4M for the least-sensitive liposomal 
enzyme is much lower than that observed (80 М) for an N- 
terminally truncated form of the protein [24]. Furthermore, it 1s 
the 4°C reconstitution protocol, during which any proteolysis 
would be expected to be relatively slow, that yields the less 
sensitive product. We believe, therefore, that the identical poly- 
peptide can assume active conformations with different levels of 
sensitivity. Additional evidence for this proposition comes from 
the experiments with benzyl alcohol Pre-treatment of rat liver 
outer mitochondrial membranes with the membrane-fluidizing 
agent had been shown to result in a relative desensitization of L- 
CPT I in vitro [33]. However, п that study, the possibility could 
not be excluded that the effects of changing membrane fluidity 
were mediated by interaction with other proteins in the mito- 
chondrial membrane. Since we were able to reproduce this effect 
in the purified system, it 1s evident that the physical properties of 
the membrane/liposome directly influence the conformation 
of the protein in such a way as to affect malonyl-CoA sensitivity. 
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This is consistent with the lipid ‘microdomain’ theory proposed 
by Zammit and co-workers ([19,33], discussed above). While not 
immediately pertinent to the current work, it will be interesting 
to determine in later studies if the muscle isoform of CPT I, 
which does not appear to alter its malonyl-CoA sensitivity in 
vivo, can be induced to do so in an in vitro system. 

Current understanding of CPT I topology holds that the N- 
terminal domain (essential for the malonyl-CoA response) and 
the C-terminal ‘catalytic’ domain both lie on the outside of the 
mitochondrial outer membrane, connected by a short loop in 
the inter-membrane space [20—23]. This model provides for an 
attractive, though admittedly speculative, scenario 1n which it is 
alteration in the interaction between these two domains, rather 
than changes within either one, that results in modulation of 
malonyl-CoA sensitivity. Since it is the membrane that anchors 
these two domains in juxtaposition, it is not surprising that 
changes in the physical properties of the membrane could produce 
the observed effects. This could also explain why the detergent- 
solubilized enzyme has no apparent sensitivity to the inhibitor. 
Such a formulation would predict that anything that affects 
the malonyl-CoA response need not affect the properties of the 
active site, and vice versa. This is also supported by the kinetic 
data presented here. Thus we find that the reconstituted enzyme, 
which displays variation ш sensitivity to malonyl-CoA, retains 
catalytic characteristics (in terms of its interaction with the 
substrates) that are most similar to the enzyme in rat liver 
mitochondria. In contrast, L-CPT I in P. pastoris mitochondria, 
while maintaining an inhibitor sensitivity similar to that of the 
native rat enzyme, appears to diverge from it in its responses to 
carnitine and palmitoyl-CoA. This separation of catalytic and 
inhibitory properties is most clearly illustrated by the finding that 
in the absence of malonyl-CoA the pH profile for the CPT I 
reaction is essentially the same for the enzyme in 'fed' mito- 
chondria, ‘fasted’ mitochondria and liposomes. On the other 
hand, once a low level of malonyl-CoA is introduced, the profiles 
for each of the L-CPT I preparations differ radically. The early 
observation that the effectiveness of malonyl-CoA as an inhibitor 
decreases dramatically as the pH is raised from 6.4 to 7.6 
suggested that a histidine residue might be involved in the 
regulatory interaction with malonyl-CoA, since it would be 
expected to titrate over this range [31,32]. Indeed certain can- 
didate histidines have been identified [23]. However, a detailed 
kinetic analysis of the mitochondrial enzyme has indicated that 
the interaction with malonyl-CoA has two components [44]. 
These most probably represent inhibition via a specific, allosteric 
binding site, probably involving an N-terminal histidine residue 
and responsible for the primary inhibitory action, and a sec- 
ondary, minor inhibition effected through direct competition 
with the acyl-CoA substrate at the active site. Because the latter 
would not be predicted to have such a sharp dependence on pH, 
it follows that as the relationship between the two domains 
becomes less strong, the competitive component would account 
for a progressively larger proportion of the inhibition observed. 
As a result, the effect of pH lowering (to enhance the inhibitory 
effect of malonyl-CoA) should be diminished. The fact that the 
pH dependence of the effectiveness of a fixed concentration of 
malonyl-CoA decreased ın the order of fed liver mitochondria > 
fasted liver - mitochondria = liposomes made at 22°C~ 
P. pastoris mitochondria > liposomes made at 4°C, and that 
this sequence was reversed in terms of the IC,, of L-CPT I for 
malonyl-CoA at pH 7.2, suggests that the strength of interaction 
between the N- and C-terminal domains of the protein also 
decreased in the order shown. 

We conclude that the kinetic properties of L-CPT I can vary 
widely depending upon the membrane environment and in- 
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dependently of modification of the protein or its interaction with 
regulatory subunits. It is probable that this explains much of the 
variation that 1s observed in vivo. However, although alterations 
in the membrane may be sufficient to elicit changes in the enzyme 
seen in vivo, this does not exclude a role for other proteins ш such 
regulation. Álso, the possibility that alternative CPT I isoforms 
might be induced in the liver during a fast is not disproved by the 
present work [15]. However, that theory awaits direct dem- 
onstration of the existence of the splice variants at the protein 
level. 

Finally, the model described provides the first opportunity to 
study a CPT I enzyme in a pure and active form. It has already 
yielded important new information about how the catalytic and 
allosteric properties of L-CPT I may be related and how they are 
influenced by the interaction of the protein with the membrane. 
To date, the lack of purified, active protein has severely hampered 
progress in CPT I structure/function research. In addition to the 
insights it has already provided, we believe that purified, lipo- 
somal CPT I will provide an invaluable tool to investigate the 
structure-function and regulatory properties of this complex 
enzyme that plays such a central role 1n the regulation of fuel 
metabolism. 


This work was supported by a grant from the National Institutes of Health (DK18573). 
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Lithocholle acid and sulphated lithocholic acid differ in the ability to 
promote matrix metalloproteinase secretion in the human colon cancer cell 


line CaCo-2 
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The human colon carcinoma cell line CaCo-2 has the ability to 
sulphate the secondary bile acid lithocholic acid (LA), whereas 
other primary or secondary bile acids were not sulphated 
[Halvorsen, Kase, Prydz, Gharagozlian, Andresen and Kolset 
(1999) Biochem. J. 343, 533—539]. To study the biological ım- 
plications of this modification, CaCo-2 cells were incubated with 
either LA or sulphated lithocholic acid (3-sulpholithocholic acid, 
SLA), and in some experiments with taurme-conyugated htho- 
cholic acid. Increased secretion of matrix metalloproteinases 
(MMPs) correlates with transformation of colon epithelial cells 
When CaCo-2 cells were incubated with LA, the secretion of 
ММР-2 was found to increase approx. 60% when analysed by 
gelatin zymography, and 80% when analysed by Western 
blotting. SLA, in contrast, did not affect the level of MMP-2 
secretion, and after zymography the level of enzyme activity was 


78% of control values after 18 h incubation. The secretion of 
MMPs is linked to increased cellular invasion and, in tumours, 
to increased capacity for metastasis. The ability of CaCo-2 
cells to invade in a chamber assay was stimulated after exposure 
to LA, whereas SLA-treated cells did not differ from control cells. 
LA therefore seems to induce a more invasive CaCo-2 cell 
phenotype, as judged by the two parameters tested, whereas the 
sulphated counterpart, SLA, did not have these effects. Sul- 
phation of LA in the colon may be an important mechanism to 
decrease the potential LA has to promote a malignant epithelial 


phenotype 


Key words: conjugated bile acids, intestine, invasion, metastasis, 
sulphation. 





INTRODUCTION 


Absorption of dietary fat is dependent upon the secretion of bile 
acids from the liver. Primary bile acids are generally conjugated 
with taurine or glycine, Secondary bile acids, however, are 
formed in the large intestine as a result of bacterial dehydroxy- 
lation The major portion of intestinal bile acids, primary and 
secondary, is reabsorbed through the entero-hepatic circulation. 
Only minor amounts of secondary bile acids escape the body 
through faeces elimination. Elevated levels of faecal secondary 
bile acids have, however, been correlated to a higher incidence of 
colorectal cancer [1]. The biological effects of secondary bile 
acids in relation to the development of colon cancer have not 
been defined in any great detail. 

Lithocholic acid (LA) has been shown to be the most cytotoxic 
bile acid towards colon cells [2]. We have recently demonstrated 
that the secondary bile acid, LA, could be sulphated by cultured 
human intestinal CaCo-2 cells, whereas the secondary bile acid, 
deoxycholic acid, and the primary bile acids, cholic acid and 
chenodeoxycholic acid, were not [3]. This finding suggests that 
sulphation of LA by colon epithelial cells could be a protective 
mechanism, probably to promote increased water solubility and 
decreased cytotoxicity. 

Several members of the matrix metalloproteinase (MMP) 
family are expressed at higher levels in gastrointestinal cancers 
than in normal tissues and benign adenomas. The most common 


MMPs found in colorectal or gastrointestinal cancers are gela- 
tinase A (MMP-2), gelatinase B (MMP-9) and matrilysin (MMP- 
7) [4]. MMPs are important enzymes in normal processes such as 
development, tissue repair, wound healing and extravasation of 
immune cells. In malignancy, such enzymes become tmportant 
for tumour cells to remodel their local environment, to ensure 
nutritional support through access to blood supply, and also to 
provide escape routes to the circulatory system for metastasis 
to other organs. In the latter process, the ability to migrate 
through matrix barners is an important cellular property 

In the present paper we analyse the effects of exposing CaCo- 
2 cells to LA, 3-sulpholithocholic acid (SLA) and, in some cases, 
to the taurine-conjugated LA (taurolithocholic acid, TLA). We 
reasoned that it would be biologically relevant to test these bile 
acids on two parameters important to colon cancer cells: the 
ability to secrete MMPs, and the ability to migrate through 
barriers. Results presented show that SLA and LA differ in their 
ability to affect both parameters, suggesting that sulphation may 
have implications for regulating the effects of LÀ on human 
colon cells. 


MATERIALS AND METHODS 
Chemleals 


LA, SLA, TLA and insulin were purchased from Sigma. 
Dulbecco’s modified Eagle’s medium (DMEM), non-essential 





Abbreviations used TLA, taurolithocholic acid, LA, lithocholic acid, SLA, 3-sulpholithocholic acid, DMEM, Dulbecco's modified Eagle’s medium, 


FCS, fetal calf serum, MMP, matrix metalloproteinase 
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amino acids, penicillin, streptomycin, and fetal calf serum (FCS) 
were all obtained from BioWhittaker (Walkersville, MD, 
U.S.A.). Sulphate-free RPMI 1640 culture medium was from 
Gibco BRL, and trypsin was purchased from Difco (Detroit, MI, 
U.S.A.) Tissue culture dishes and flasks were supplied by 
Costar [*5S]Sulphate and [!H]leucine were from Amersham 
International. [H]Thymidine and the enhanced chemilumi- 
nescence system were purchased from DuPont New England 
Nuclear (Boston, MA, U.S A.). Sephadex G-50 Fine was from 
Amersham Pharmacia Biotech. ['*C]JLA was obtained from 
Amersham International, and ['^C]SLA was obtained by HPLC 
of conditioned medium from CaCo-2 cells incubated with 
ГАСА (described in [3]. The chromogenic peptide substrate 
S-2288 (H-p-Ile-Pro-Arg-p-nitroanilide) was from Chromogenix 
AB, Mölndal, Sweden 


Call culturas 


The CaCo-2 human intestinal cell line was obtained from 
А Т.С.С. These cells were chosen as a model system for studying 
the effects and metabolism of bile acids on human intestinal cells. 
The cell line was maintained in DMEM medium containing 20 % 
FCS, 2mM L-glutamine, insuhn (10 ug/ml), penicilin (50 
units/ml), streptomycin (50 ug/ml) and 1 % non-essential amino 
acids. For subculture, the cell medium was removed and the cells 
were detached with 0.25% trypsin (in PBS containing 0.2 g/l 
EDTA). FCS was added to terminate trypsin treatment, and the 
cells were re-seeded at approx. 40000/cm* in new flasks. Before 
starting experiments, 500000 cells were seeded per well (35-mm 
diameter) and grown to 90% confluence. 


The sodium salts of LA, SLA and TLA were all solubilized in 
DMEM /ethanol (1:1, v/v). During experiments, control cells 
were exposed to the same concentration of ethanol (0.5%) as 
cells treated with bile acids. 


Proliferation and protein synthesis 


The viability of CaCo-2 cells exposed to increasing concentrations 
of LA, SLA, and TLA was examined by measuring the in- 
corporation of [*H]leucine into cell-associated proteins, as pre- 
viously described [3] The proliferative capacity was determined 
by measuring the incorporation of [H]thymidine into cell- 
associated DNA, as has been outlined by Staff et al. [5]. 


Labelling of cells 


Sulphate-depleted RPMI 1640 medium containing 10% FCS, 
L-glutamine and non-essential amino acids was used during 
[**S]sulphate-labelling experiments. Before labelling, the cells 
were washed once with sulphate-depleted RPMI 1640. Thereafter, 
labelling medium with [**S]sulphate (200 wCi/ml) was added to 
the cells. Concomitantly, the cells were exposed to LA, SLA, or 
TLA at concentrations from 2 to 26.6 uM. After labelling, cell 
and medium fractions were harvested and [**S]sulphated macro- 
molecules were recovered, as previously described [3]. 

In some experiments the cells were labelled with [*H]glucos- 
amine (200 uCi/ml) for 24 h with glucose-free DMEM (Gibco 
BRL), as described elsewhere [6]. The cells were concomitantly 
exposed to either LA, SLA, or TLA at concentrations from 1 to 
10 pg/ml (2-26 uM), and after 24 h incubation PH] glucosamine- 
labelled macromolecules were isolated from the cells and the 
culture medium as described for isolation of [**S]sulphated 
macromolecules [3]. 
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Zymography 

Serum-free conditioned medium from CaCo-2 cells was collected 
to analyse gelatinase activity, as described in [5]. Approx. 5 x 10° 
cells were seeded per 35-mm well and incubated for one or two 
days to approx. 9094 confluence. The cells were washed once in 
DMEM and incubated in 1 ml of DMEM for 9 or 18 h with all 
additions except serum, but also containing either LA (26.6 yM), 
SLA (21.9 uM), or TLA (2 M). The conditioned media were 
harvested and cell debris removed by centrifugation (167 g, 
3 min, 4 ?C). 

Between 60 and 75 ug of protein from conditioned media was 
incubated at room temperature for 10 min with non-reducing 
loading buffer containing 4 9 SDS (w/v). The samples were then 
subjected to electrophoresis at 4 °C on SDS/polyacrylamide gels 
containing 0.1% gelatin (w/v) (Novex, San Diego, CA, U.S.A ). 
High-molecular-mass markers (14.3200 kDa; Amersham In- 
ternational) were used as standards. A mixture of purified human 
ММР-2 and human MMP-9 (Chemicon International, Temecula, 
CA, U.S.A.) was run in a separate lane. The gels were cleared of 
SDS, developed for 24h and stained. Thereafter, the gels were | 
scanned with a laser-scanner densitometer (Molecular Dynamics, 
Sunnyvale, CA, U.S.A.) and quantified using Image Quant 
software. 


Western Immunoblotting 


CaCo-2 cells were incubated in medium supplemented with LA 
(26.6 uM), SLA (21.9 uM D, or TLA (2 4M) for 9 or 18h. 
The cells were washed twice in 1ce-cold PBS (pH 7.2) prior to the 
addition of lysis buffer, consisting of 150 mM NaCl, 50 mM 
Tris/HCl (pH 7.6), 1 mM EDTA, 1% Triton X-100, and pro- 
tease inhibitor cocktail (Boehringer Mannheim). The samples 
were frozen at — 70 °C until further analysis. Equal amounts of 
protein were subjected to SDS/10% PAGE, and electro- 
phoretically transferred to Immobilon PVDF filters (Millipore, 
Bedford, MA, U.S.A.). Filters were blocked for 1h at room 
temperature with 595 low-fat milk in Tris-buffered saline con- 
taining 0.0295 Tween (v/v), followed by incubation at room 
temperature for 1 h with the monoclonal anti-human MMP-2 (R 
& D Systems). Proteins were detected by enhanced chemi- 
luminescence using horseradish peroxidase-labelled anti-mouse 
IgG (Vector Laboratones, Burlingame, CA, U.S.A.). The en- 
hanced-chemiluminescence-exposed films were quantified by 
laser-scanning densitometry. To verify the presence of MMP-2 
protein, another monoclonal human MMP-2 antibody from an 
alternative supplier (Oncogene, Cambridge, MA, U.S.A.) was 
also used. The two different antibodies recognized a protein band 
with the same molecular mass. 


Transwell Invasion assay 


CaCo-2 cells were labelled for 72h with [H]thymidine in 
medium, as previously described. The cells were trypsin-treated 
and washed once in DMEM. Cells (100000 in 250 ul) were 
seeded on 8-um Transwell filter (24-wells; Costar) in DMEM 
with additions as described above but without FCS, either in the 
presence of ethanol (controls), LA (26 6 uM), ог SLA (21.9 uM) 
in the upper (apical) medium. The chambers underneath the 
filters (basolateral) consisted of DMEM with all additions 
included (500 zl). After 48 h incubation, both medium fractions 
were discarded and adherent non-invaded cells on top of the 
filters were wiped off with cotton swabs. The filter membranes, 
containing invaded cells, were cut out and analysed for radio- 
activity in a scintillation counter. The counted radioactivity was 
regarded as a measure of invaded CaCo-2. 





Enzyme assay 


Trypsin-like enzyme activities were measured in serum-free 
conditioned media from CaCo-2 cells cultured in 16-mm wells 
(Costar), either untreated or exposed to either LA (26.6 uM) or 
SLA (21.9 4M). Media were harvested after 2, 6 and 20h 
incubations. Conditioned medium (100 1) was added to wells of 
96-well microtitre plates. PBS (100 1) was added together with 
20 wl of the chromogenic substrate S-2288 (stock concentra- 
поп 20 mM). The enzyme activity was recorded by using a 
Titertek Multiscan spectrophotometer (Flow Laboratories, 
Irvine, Scotland, U.K.). Media from incubations without cells 
were used for background subtraction. Measurements were 
carried out in triplicate. 


Statistics 


Results are presented as means t S. E. M. The Mann-Whitney U- 
test was used to test significant differences between groups. The 
significance level was set at P « 0.05. 


RESULTS 


In order to compare the effects of LA and SLA on CaCo-2 cells, 
initial experiments were performed to measure de novo protein 
and DNA synthesis. Consequently, cells were labelled with either 
(*H]leucine or [*H]thymidine in the absence and presence of LA, 
SLA and TLA. The synthesis of protein and DNA was unaffected 
by exposure to LA (26.6 4M) апа SLA (21.9 «М). In contrast 
the taurine-conjugated LA decreased the level of incorporation 
of both of [’H]leucine and [*H]thymidine at concentrations 
higher than 2.0 4M (results not shown). TLA was therefore used 
in 2.0 «М concentrations in further studies. 

The expression level of ?S]sulphated molecules was stimulated 
in the presence of LA, but not the other primary or secondary 
bile acids tested [3]. We wanted to compare the effects of LA, 
SLA and another modified form of LA (the taurine-conjugated 
form), on this particular parameter. Both LA (26.6 «М) and 
TLA (2.0 uM) increased the expression level of [?S]sulphated 
molecules in the medium fractions, 3 and 1.6 times above control 
levels respectively (Table 1). No changes were seen in the cell 
fractions. In contrast, exposing the cells to SLA did not increase 


Table 1 Incorporation of [*H]glucosamine and [*S]sulphate into macro- 
molecules in CaCo-2 cells 


CaCo-2 cells were incubated in the presence of LA (26.6 uM), SLA (21.9 uM) or TLA (2.0 uM) 
and labelled with [*H]glucosamine and ["^S]sulphate for 24 h. The cell and medium fractions 
were harvested, subjected to gel chromatography, and analysed for radioactivity as described 
in the Materials and Methods section. Data presented are the means + S.EM from three 
separate ceil dishes. * Statistical significant difference from control (P « 0.05). 


^H]Glucosamine [?S|Sulphate 

Fraction (c.p.m./100 yl) (c.p.m./100 ш) 
Medium 

Vehicie, control 2345 + 86 1268 + 49 

LA 2257 + 85 4038 + 260° 

SLA 2323 +105 1288 + 76 

TLA 2188 + 59 2019 + 61° 
Cells 

Vehicle, control 10951 + 135 1162 + 104 

LA 9689 + 701 1343 +47 

SLA 10536 + 193 1382 + 54 

TLA 11672 + 484 1060 + 75 





Bile acids and matrix metalloproteinases 191 


9 hrs 18 hrs 
Áo 


67 kDa ———* 








S 3 С LA SLA ТА С LA SLA ТА 
у + 
& 
= Bileacids 9 hrs 18 hrs 
% of control % of control 
Control 100.0 100.0 
LA, 26.6 uM 170.5 {147.1 - 200.) 55.5 (030.0 - 181.0] 
SLA, 21.9 uM 50.0 (33.3 - 66.6) 78.0 { 73,7 - 82.2) 
TLA, 2.0 uM 90,0 (88.5 ~91.4) 132.4 (87.8 ~ 177) 





Figure 1 Gelatinolytic activity in CaCo-2 medium 


After confluence, CaCo-2 cells were incubated in the presence or absence of LA (26.6 uM), SLA 
(21.9 uM), ot TLA (2.0 uM) for 9 h or 18 h in serum-free medium. Control cells were given 
ethanol (0.5%). The condition medium was harvested and subjected to zymography, as 
described in the Materials and methods section. The Figure shows a zymogram from one typical 
experiment. Each zymography was run on conditioned medium pooled from three different cell 
Cultures. The results are calculated as percentage of controls, and data are presented as 
means of two experiments with ranges given in parentheses. 


the level of [?S]sulphated molecules, either in the medium or the 
cell fraction. Furthermore, the incorporation of [?H]glucosamine 
into glycoconjugated molecules was not affected by any of the 
bile acids (Table 1). Consequently, we assume that LA and TLA 
do not affect the expression level of sulphated glycoconjugates. 
The lack of effect of SLA suggests that the increased level of 
[^S]sulphated molecules after treatment with both LA and TLA 
is due to a sulphation of these bile acids themselves, in accordance 
with what has been shown for LA [3]. 

To compare further the effects of LA and SLA on CaCo-2 
cells, conditioned media from cells cultured without serum were 
analysed for the content of gelatinase activity by zymography. 
From Figure | it is evident that considerable gelatinase activity 
is present in the medium fractions harvested. Two proteins with 
the ability to degrade gelatin were seen in all the medium 
fractions. The level of enzyme activity, however, differed to a 
large extent between the different conditioned media. Cells 
exposed to LA released 1.7 times more gelatin-degrading activity 
than control cells after 9 h incubation, whereas cells exposed to 
TLA released slightly less than control cells. Medium from cells 
exposed to SLA, however, contained only 50°, of the activity 
found in control medium after 9h (66%, of control in the 
experiment shown). After 18 h this level was 78 ^, of the control. 
At this time point, LA treatment gave a 1.6-fold higher gelatinase 
level than in the control, whereas the effect of TLA showed a 
great variation with a mean slightly higher than the control. 
Accordingly, while LA increased gelatinase activity in the 
medium fractions, SLA had the opposite effect. 

In order to identify the gelatinase activity seen in conditioned 
medium from CaCo-2 cells, the different fractions were subjected 
to SDS/PAGE followed by Western blotting. The activity seen 
after zymography in Figure | is clearly MMP-2, as can be 
seen in Figure 2. We could not detect any MMP-9 activity in these 
fractions with an anti MMP-9 antibody (results not shown). By 
scanning the blot it was possible to determine the relative level 
of MMP-2 protein. Figure 2 (lower panel) shows that the level of 
MMP-2 was significantly higher in medium from LA-treated 
cells than in cells exposed to SLA. The level of MMP-2 in the 
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Figure 2 Effects of LA and SLA on MMP-2 expression in CaCo-2 cells 


After confluence, CaCo-2 cells were incubated in the presence or absence of LA (26.6 aM), or 
SLA (21.9 uM) for 9 h or 18 h in serum-free medium. Control cells were given ethanol (0.5%). 
The cells were harvested and lysed as described in the Materials and methods section. Celi 
protein (20 zeg) was separated on reducing SDS/PAGE, electrotransferred, and incubated with 
anti-human MMP-2, The results are calculated as percentage of controls. The bar graph shows 
the means + S.E.M. from four separate experiments, and the immunoblot presented is from one 
typical experiment. 


medium from the latter cells was the same as in medium from 
control cells. From both zymography and Western-blot experi- 
ments we can conclude that LA treatment increases the level of 
MMP-2 in the medium of CaCo-2 cells, whereas the sulphated 
counterpart, SLA, does not have such an effect. Both in the 
zymography and Western-blot experiments a 45 kDa form of 
ММР-2 could be detected, whereas standard MMP-2 migrated 
as 65 kDa and 72 kDa proteins. In some experiments we could 
detect small levels of gelatinase activity with a molecular mass of 
65 kDa (results not shown). In parallel experiments with the 
human trophoblastic cell line JAR MMP-2, gelatinolytic activity 
could only be detected at a molecular mass of 65 kDa [5]. There 
is evidently large differences in the processing of MMP-2 between 
different cell types, and the level of the 65 kDa and 45 kDa form 
may depend on the level of tissue inhibitor of metalloproteinase- 
2 in the cell type studied, as has been indicated in [7]. 

The difference between LA and SLA could be due to differences 
in the cellular uptake. CaCo-2 cells were incubated with either 
["C]LA or ["C]SLA and the amount of cell-associated radio- 
activity determined. The level of С.А associated with the cells 
increased up to 2 h (1331 +215 ¢.p.m.), with no further increase 
at 4 h. During this incubation time the level of ["C]SL A was low 
(115 + 33 c.p.m.). However, in several experiments we noted that 
the level of MMP-2 activity was lower in CaCo-2 cells incubated 
with SLA for 9h and 18h, but significantly higher than in 
controls after 48h. These results indicate different rates of uptake 
for LA and SLA, as has been shown in hepatocytes [8]. 
Furthermore, in this study the uptake of LA was by simple 
diffusion and the uptake of SLA by Na*-independent carrier, 
which may possibly lead to different intracellular routing and 
effects, as is indicated from our data. 

Plasminogen activator and other serine proteases are important 
for the modulation of the cellular microenvironment, as are 
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Figure 3 Effects of LA and SLA on serine protease activities in CaCo-2 
cells 


CaCo-2 celis were cultured under serum-free conditions in the presence or absence of LA 
(26.5 aM), от SLA (21.9 uM) for 2 h, 6 h and 20 h. Conditioned media were harvested. 
incubated with the chromogenic substrate 5-2288 and the enzyme activity recorded at 405 nm 
in a THertek spectrophotometer. The bar graph shows the means +S.E.M. from three 
experiments. 


Table 2 Effect of bile acids on the invasion of ['H]thymidine-labelled 
CaCo-2 cells 


The invasion of H]thymidine-labelled CaCo-2 cells was performed as described іп the 
Materials and methods section in the absence and presence of LA (26.6 uM) or SLA 
(21.9 uM). Results are given as means +S. E.M from 11 to 14 separate cell cultures, The 
absolute values for controis (9 = 11) were 8649 -- 2151 cpm. filer " P « 0.05 versus 
control. S P « 0.05 versus SLA. 


Bile acid invasion (5s of contro) 
Control 100.0 - 72 

LA 16324-2838 

SLA 86.6 t 7.5 





MMPs [9]. To investigate the eflect of LA and SLA on the 
secretion of other proteases, serum-free supernatants from CaCo- 
2 cells were used to determine the level of serine proteases like 
plasminogen activator (tissue-type) by using the chromogenic 
substrate, S-2288. LA stimulated the secretion of S-2288-cleaving 
activity, whereas SLA did not, as can be seen in supernatants 
from cells incubated for 6 h (Figure 3). After 20 h incubation, 
cells exposed to LA released 1.8 times more enzyme activity. 
Interestingly, at this time point cells treated with SLA had a 
somewhat higher level (14%, increase) of activity in the super- 
natants than control celis. 

Increased expression of MMPs is linked to a more migratory 
or invasive phenotype in many cell systems. In order to investigate 
a possible relation between the level of MMPs in the medium and 
the ability to migrate, ['H]thymidine-labelled CaCo-2 cells were 
plated in chambers on filters with 8-~m pores. The bile acids 
were exposed to the cells in the upper chambers, and medium in 
the lower chamber contained serum as chemoattractant. Cell 
invasion was 1.6 times higher in cells exposed to LA compared 
with control cells (Table 2). Cells treated with SLA had a 
migratory capacity slightly lower than control cells. 


DISCUSSION 


The ability to catalyse sulphation reactions is an important 
property of all mammalian cells. The most highly sulphated 
macromolecules are the proteoglycans, found both in the extra- 
cellular matrix, on cell surfaces and in intracellular granules [10]. 
Several other glycoconjugates may also be sulphated, including 
glycoprotein hormones, glycolipids, secretory proteins, selectins 
and mucins [11—13]. Most of these sulphation reactions take 
place in the Golgi apparatus, whereas drugs and xenobiotic 
compounds are sulphated in the cytosol. The sulphation of LA 
in CaCo-2 cells is also a cytosolic process [3], but the biological 
function(s) of this bile acid modification has not been defined. It 
has been shown that LA has toxic effects on the liver [14], and the 
cytotoxicity of LA in hepatocytes was greatly reduced by either 
glucuronidation or sulphation of this bile acid [8]. Sulphation in 
the intestine could therefore reduce the detrimental effects of LA 
in the entero-hepatic circulation. It has been shown that SLA is 
present in substantial quantities in human faeces and that the 
LA/SLA ratio was 2.1 [15]. It has further been suggested that 
lowered uptake of sulphated bile acids in the ileum, and lack of 
uptake in the colon, may contribute to their excretion [16]. 
Finally, studies with mice have shown that sulphated bile acids 
may inhibit colon carcinogenesis [17]. 

In the present paper we show that LA stimulated the secretion 
of MMP-2 from cultured CaCo-2 cells, whereas SLA did not. 
Furthermore, the increased invasive capacity seen 1n these cells 
after exposure to LA was not observed in cells exposed to SLA. 
In addition, neither LA nor SLA were found to affect the 
viability or the ability of CaCo-2 cells to proliferate. From 
these data it is evident that sulphation of LA leads to the 
generation of a bile acid derivative with different effects than 
the parent molecule. The data presented indicate that sulphation 
of LA can be viewed as a biological inactivation of a compound 
with possible hazardous effects on colon epithelial cells. MMP- 
2 secretion and increased invasiveness are clearly parameters of 
malignant epithelial cells [4]. Our results show that LA treatment 
led to a stimulation of both these characteristic features in CaCo- 
2 cells. 

The molecular mechanisms of LA effects on CaCo-2 cells or 
other cells types have not been the subjects of detailed investi- 
gations. There are, however, some reports on the effects of bile 
acids on gene expression. Recently the farnesoid X receptor, 
defined as an orphan receptor, was shown to bind bile acids and 
to repress the expression of genes regulating cholesterol metab- 
olism [18,19]. It has furthermore been established that the 
expression of intestinal bile acid binding protein was promoted 
more efficiently with lipophilic than hydrophilic bile acids in 
CaCo-2 cells [20]. Bile acids may also influence cellular signalling 
processes by increasing the activity of protein kinase C and the 
transcription factor activator protein 1 in colon cells [21,22]. 
Although speculative, one possible scenario could be that cellular 
uptake or intracellular routing of LÀ and SLA would differ, due 
to differences in water solubility. SLA and LA may, furthermore, 
interact with different intracellular proteins or other types of 
ligands, and LA could reach the nucleus to modulate appropriate 
target genes, whereas SLA would be secreted and thereby 
prevented from such gene regulation. Sulphation of bile acids, 
and LÀ in particular, may turn out to have implications for the 
regulation of cell behaviour and development of malignancy in 
the large intestine. 


Received 21 February 2000/23 March 2000, accepted 25 April 2000 


Bile acids and matrix metalloproteinases 193 


We gratefully acknowledge the technical assistance of Tram Thu Vuong and Vivi 
Volden. This work was supported by grants from the Norwegian Cancer Soclety, the 
Norwegian Research Council, Novo Nordisk and the Throne-Holst Fund. 


REFERENCES 


1 Kishida, T, Taguchi, F, Tatsuguchi, A, Sato, J, Fumon, 5, Tashikawa, Н, 
Tamagawa, Ү., Yoshida, Y and Kobayashi, M (1997) Analysis of bile acids In colon 
residual liquid or fecal materal in patients with colorectal neoplasia and control 
subjects J Gastroenterol 32, 306—311 

2 Latta, R.K, Fiander, Н, Ross, М W, Simpson, C and Schneider, Н (1993) Toxicity 
of bile acids to colon cancer cell lines Cancer Lett 70, 167—173 

3 Halvorsen, B, Kase, B F, Prydz, К, Gharagozlian, S, Andresen, M S and Kolset, 
5 0 (1999) Sulphation of Ithocholic acid In the colon carcinoma cell line CaCo-2 
Biochem J. 343, 533—539 

4 Brown, P D (1998) Matrix metalioproteinases in gastrointestinal cancer Gut 43, 
161—163 

5 Staff, A C, Ranheim, T, Hennksen, Т and Halvorsen, В (2000) 8-1so-prostaglandin 
F,, reduces trophoblast invasion and matnx metalloproteinase activity Hypertension, 
in the press 

6 Salmivirta, М, Safaryan, F, Prydz, K, Andresen, M S, Aryan, M and Kolset, 5 0 
(1998) Differentrabon-associated modulation of heparan sulfate structure and funchon 
in CaCo-2 colon carcinoma calis Glycobiology 8, 1029—1036 

7 Itoh, Y, Ito, A, Iwata, К, Tanzawa, K, Mori, Y and Nagase, H (1998) Plasma 
membrane-bound tissue inhibitor of metalfoproteinases (TIMP)-2 specrfically inhibits 
matrx metalloproteinase 2 (gelatinase А) activated on the call surface J Biol. Chem 
213, 24360-24367 

8 Takikawa, Н, Tomuta, J, Takemura, T and Yamanaka, M (1991) Cytotoxic effect and 
uptake mechanism by isolated rat hepatocytes of lithocholate and its glucuronide 
and sulfate, Biochim Biophys Acta 1091, 173—178 

9 Vassalli, J-D and Pepper, М 5 (1994) Tumour biology Membrane proteases in 
focus Nature (London) 370, 14—15 

10 Kjellén, L and Lindahl, U (1991) Proteoglycans structures and interactions 
Annu Rev Biochem 60, 443—475 

11 Hooper, L V, Manzella, 5 M and Baenzgey, J. U (1996) From legumes to 
leukocytes: biological roles for sulfated carbohydrates FASEB J 10, 1137—1146 

12 Mandon, E C., Milla, М E, Kempner, E and Hirschberg, C. В (1994) Purification 
of the Golgi adenosine 3’-phosphate 5’-phosphosulfate transporter, a homodimer 
within the membrane Proc Natl Acad Sa USA 91, 10707-10711 

13 Nieuw Amerongen, A.V, Bolscher, J. G, Bloemena, E and Veerman, E C (1998) 
Sultomucins in the human body Biol. Cham 379, 1-18 

14 Palmer, R Н (1972) Bile acids, iver injury, and Inver disease Arch intem Med 
130, 6066—6170 

15 Podesta, M. R, Murphy, G M and Dowling, R H (1980) Measurement of faecal bile 
acid sulphates J Chromatogr 182, 293—300 

16 Walker, S, Stehi, A, Raedsch, R., Kloters, Р and Kommerell, B. (1986) Colonic 
absorption of sulfated and nonsulfated bile acids in rat Digestion 33, 1-6 

17 Takahashi, A, Tanda, М, Kawaura, A, Nishikawa, М and Shimoyama, T (1993) 
Sulphated bile acid per se inhibits colonic carcinogenesis in mice Eur J Cancer 2, 
161—187 

18 Маквліта, M, Okamoto, A. Y, Repa, J. J, Tu, H, Learned, R М, Luk, A, Hull, 
M V, Lustig, К D, Mangelsdorf, D. J and Shan, В (1999) Identrhicabon of a 
nuclear receptor for bile acids Science 284, 1362-1365 

19 Parks, D J, Blanchard, 5 G, Bledsoe, А K, Chandra, G, Consler, T G, Kliewer, 
S A, Stmmal, J B, Wilson, T М, Zavacki, A М, Moore, D. D and Lehmann, J. M 
(1999) Bile acids natural Ingands for an orphan nuclear receptor Science 284, 
1365-1368 

20 Kanda, T., Foucand, L, Nakamura, Y, Niot, 1, Besnard, Р, Fujita, М, Sakai, Y, 
Hatakeyama, К, Опо, T. and Fujll, Н. (1998) Regulation of expression of human 
intestinal bile acid-binding protein in Caco-2 cells Biochem J 390, 261—265 

21  Pongracz, J., Clark, P, Neoptolemos, J Р and Lord, J M (1995) Expression of 
protein kinase C isoenzymes іп colorectal cancer tissue and their differential 
activation by different bile acids Int J Cancer 61, 35—39 

22 Hirano, F., Tanada, H, Okamoto, К, Hiramoto, М, Handa, Н. and Makino, | (1996) 
induction of the transcription factor AP-1 in cultured human colon adenocarcinoma 
cells following exposure to bile acids. Carcinogenesis 17, 427—433 


© 2000 Biochemical Society 


Blochem J (2000) 348, 195—201 (Printed in Great Britain) 


195 





Pyruvate dehydrogenase kinase from Arabidopsis thaliana: 
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Pyruvate dehydrogenase kinase (PDK) is the primary regulator 
of flux through the mitochondrial pyruvate dehydrogenase 
complex (PDC) Although PDKs inactivate mitochondrial PDC 
by phosphorylating specific Ser residues, the primary amino acid 
sequence indicates that they are more closely related to pro- 
karyotic His kinases than to eukaryotic Ser/Thr kinases. Unlike 
Ser/Thr kinases, His kinases use a conserved His residue for 
phosphotransfer to Asp residues. To understand these unique 
kinases better, a presumptive PDK from Arabidopsis thaliana 
was heterologously expressed and purified for this investigation. 
Purified, recombinant A. thaliana PDK could inactivate kinase- 
depleted maize mitochondrial PDC by phosphorylating Ser 
residues. Additionally, A. thaliana PDK was capable of auto- 
phosphorylating Ser residues near its N-terminus, although this 


reaction is not part of the phosphotransfer pathway. To elucidate 
the mechanism involved, we performed site-directed mutagenesis 
of the canonical His residue likely to be involved in phospho- 
transfer. When His-121 was mutated to Ala or Gln, Ser- 
autophosphorylation was decreased by 50% and trans- 
phosphorylation of PDC was decreased concomitantly. We 
postulate that either (1) His-121 is not the sole phosphotransfer 
His residue or (2) mutagenesis of His-121 exposes an additional 
otherwise cryptic phosphotransfer His residue. Thus His-121 18 
one residue involved in kinase function. 


Key words: autophosphorylation, mechanism, mitochondna, 
mutagenesis, transphosphorylation 





INTRODUCTION 


The pyruvate dehydrogenase complex (PDC) 1s a multienzyme 
structure that catalyses the oxidative decarboxylation of 
pyruvate, yielding CO,, acetyl-CoA and NADH [1]. This complex 
is localized to the cytoplasm of bacteria and the mitochondrial 
matrix of eukaryotic cells. Additionally, plant cells contain a 
second isoform localized to the plastidial stroma [2-4]. The 
plastidial and mitochondrial PDCs have distinct regulatory and 
catalytic properties complementing their unique roles in metab- 
olism [4] The most striking difference is regulation by reversible 
phosphorylation. The mitochondnal PDC, unlike the plastid 
counterpart, has an associated pyruvate dehydrogenase kinase 
(PDK, EC 2.7.1.99) and phosphopyruvate dehydrogenase phos- 
phatase [5]. These two enzymes catalyse the reversible 
phosphorylation of mitochondnal pyruvate dehydrogenase. 
PDK curtails mitochondrial PDC activity by catalysing the trans- 
fer of the y-phosphate from ATP to the a subunit of the pyruvate 
dehydrogenase (E1) component enzyme [4,5]. Conversely, phos- 
pho-pyruvate dehydrogenase phosphatase reactivates this com- 
ponent by catalysing dephosphorylation in a Mg'-dependent 
manner [6]. The phosphorylation state, and hence the activity 
status, of PDC is determined by the net sum of these opposing 
enzyme activities. 

Molecular cloning of the first PDK from mammals revealed a 
deduced amino acid sequence lacking typical eukaryotic Ser/Thr 
kinase domains but having the five domains characteristic of 
prokaryotic two-component histidine kinases [7]. Prokaryotic 
histidine kinases are multidomain polypeptides that catalyse the 
first step of two-component signal transduction pathways 


(reviewed in [8]). The sensor domain responds to a cellular signal 
by autophosphorylating a His residue within the transmitter 
domain, followed by phosphotransfer to an Asp residue within 
the receiver domain of a cognate response regulator protein. The 
activated response regulator typically functions as a specific 
transcription factor. Although bacterial two-component systems 
usually follow this reaction scheme, variations exist. Some 
histidine kinases contain both the histidine phosphotransfer 
donor domain and the aspartate receiver domain on a single 
polypeptide, i.e. a hybrid histidine kinase [9] Multiple donor and 
receiver domains can reside on a single polypeptide with His-to- 
Asp phospho-relay perhaps occurring in cis on these kinases [10]. 
Regardless of mechanistic specificities, all histidine kinases 
characterized until now transfer phosphate from an auto- 
phosphorylated His to an Asp residue, transducing cellular 
signals [11,12]. 

On the basis of similarities to these histidine kinases [7], PDKs 
might also use a His for phosphotransfer. However, unlike 
histidine kinases, mammalian PDKs phosphorylate on Ser rather 
than Asp residues [13,14]. This novel class of eukaryotic protein 
kinases also includes the branched-chain a-keto acid dehydro- 
genase kinase (BCDK, EC 2.7.1.115), which regulates a related 
mitochondrial a-keto acid dehydrogenase complex involved in 
branched-chain amino acid catabolism [15]. Although not yet 
well understood, rat PDK and BCDK both undergo auto- 
phosphorylation [16,17]. The BCDK autophosphorylation site 
was mapped to a Ser residue near the N-terminus [17]. 

We recently reported the molecular cloning and functional 
expression of two PDK isoforms from Zea mays [18]. The 
deduced amino acid sequences for the plant enzymes are approx. 
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30 % identical with those from mammals. Amino acid identity 15 
concentrated within 11 discrete domains, of which 5 are related 
to the prokaryotic histidine kinases [18]. À presumptive PDK 
recently identified from Arabidopsis thaliana 1s approx. 70% 
identical with the maize enzymes and contains the five histidine 
kinase and six signature PDK domains [19]. At least one of these 
domains was proposed to be a site for phosphotransfer owing to 
the presence of an invariant His residue Here we present evidence 
that this А. thaliana cDNA encodes a genuine PDK that involves 
one of the conserved His residues for maximal activity. 


MATERIALS AND METHODS 
Bacterial expression and purification of A. thaliana PDK (AtPDK) 


Primers DDR 229 (5'-ctcgagctgcagctattaTCAGGGTAAAGG- 
CTCTTGCGA-3’) and DDR 230 (5'-cecgggtctagaATGGCAG- 
TGAAGAAAGCCTGC-3’) were used to amplify the open 
reading frame of the AtPDK. corresponding to the region between 
130 and 1227 bp [19]. Restriction sites were engineered into each 
primer at the 5’ end (lower-case letters) to facilitate subcloning. 
The PstI (DDR 229) and XbaI (DDR 230) sites were used to 
subclone the PCR product into the pMAL-cRI expression vector 
(New England Biolabs, Beverly, MA, U.S.A.). To ensure trans- 
Jation termination, two nonsense codons were introduced into 
DDR 229 Thermal cycling reactions (50 ul total volume) con- 
tained 10mM Tris/HCl, pH 7.9, 0.5mM MgCl, 200 uM 
dNTPs, 5 units of Taq polymerase (Promega, Madison, WI, 
U.S.A.), 2 ng of plasmid DNA template and 20 pmol of each 
primer. Cycling conditions were 94°C for 5 пип, initial 
denaturation, followed by 30 cycles of 30s at 94°C, 30s at 
50 °C, 2 min at 72 °C with 6 s extensions for the last step of each 
cycle. 

The expression and punfication of maltose-binding protein 
(MBP)-PDK polypeptides and the preparation of kinase- 
depleted PDC from maize mitochondria were performed as de- 
scribed elsewhere [18,20] After purification, MBP-AtPDK was 
dialysed against 2 litres of 20mM Tes/KOH (pH 7 3)/2 mM 
dithiothreitol for 16h at 4°C and was subsequently concen- 
trated on an ultrafiltration membrane (10 kDa cut-off, Amicon, 
Beverly, MA, U S.A ). Cleavage of fusion protein was performed 
with factor Xa protease (New England BioLabs, Beverly, MA, 
U.S.A.) at a 1:25 molar ratio of protease to fusion protein in 
20 mM Tris/HCl (pH 8.0)/0.1 M NaCl/2mM CaCl, for 18h 
at 25 °C. Size-exclusion chromatography and native molecular 
mass determination were performed with a Superose 12 
column (Pharmacia, Uppsala, Sweden) with thyroglobulin, 
ferritin, catalase, aldolase and BSA as standards. SDS/PAGE 
and immunoblotting were performed with standard procedures 
[21]. Polyclonal antibodies to PDK were characterized previously 
[18]. Polyclonal antibodies against MBP were affinity-purified 
from sera raised against a branched-chain a-keto acid de- 
hydrogenase subunit fusion with MBP acc 


Mitochondria isolation and assays 


Mitochondria were isolated from etiolated maize (B73; Illinois 
Seed Foundation, Champaign, IL, U.S.A.) shoots as described 
previously [21,22] For PDC, a four-step purification procedure 
starting with isolated maize mitochondria yielded an 80-90% 
pure preparation of PDC that was depleted of PDK activity 
[18,21]. This preparation was termed ' kinase-depleted PDC" and 
was used to assay recombinant MBP-AtPDK activity. PDC 
activity was monitored by the reduction of NAD* (A4,,,) as 
described previously [21]. For kinase assays, MBP or MBP- 
AtPDK were incubated with kinase-depleted maize mito- 
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chondrial PDC for 5min at 25°C before the addition of 
MgATP* to a final concentration of 0.2 mM. Phosphorylation 
assays proceeded for 5—60 min before PDC activity was assayed. 
All reported values are the means of at least three independent 
reactions. Protein quantification was performed by the method 
of Bradford [23], with BSA as standard. 

Phosphorylation assays were performed by adding a known 
amount of Mg[5-?P]ATP*- (10 mCi/mmol to kinase and/or 
PDC preparations. Reactions proceeded for 1h at 25°C and 
were stopped by the addition of an equal volume of 2x SDS/ 
PAGE sample buffer [8 M urea/4% (w/v) SDS/4% (v/v) 2- 
mercaptoethanol] followed by heating at 70?C for 15 min 
Denatured proteins were resolved by SDS/PAGE, electroblotted 
to nitrocellulose, dried and wrapped in Cellophane before ex- 
posure to X-ray film for 5—30 min. The incorporation of radio- 
label into MBP-AtPDK was quantified by lquid-scintillation 
spectrometry of the excised MBP-AtPDK band Relative 
phosphorylation efficiency was quantified with QS30 quanti- 
fication software (PDI, Huntington Station, NY, U.S.A.), which 
accounted for band area and intensity. 

Limited proteolysis of MBP-AtPDK was performed with 
trypsin (Sigma, St Louis, MO, US A.) at a molar ratio of 3:1 
fusion protein to trypsin. Protease digestion was performed in 
20 mM Tes (pH 7.5)/1 mM dithiothreitol for 16 h at 25 °C and 
was terminated by the addition of an equal volume of 2 x SDS/ 
PAGE sample buffer followed by heating at 70 °C for 15 min. 


Site-directed mutagenests 


Mutagenesis was performed with the GeneEditor site-directed 
mutagenesis kit (Promega). The pMAL-cRI expression vector 
containing AtPDK was used as template for mutagenesis per- 
formed in accordance with the manufacturer’s instructions. The 
oligonucleotides used for mutagenesis, synthesized at the Uni- 
versity of Missouri DNA core facility (Columbia, MO, U S.A.), 
were DDR 238 5'-GGGAACCACATTGTTAGCCCTTACTT- 
TGACAGCC-3' (His-121A oligo) and DDR 270 5'-GGGAA- 
CCACATTGTTITGCCTTACTITGACA-3’ (His-121Q oligo). 
The mutated base(s) are underlined and in bold. The entire 
reading frames of both mutant constructs were sequenced to 
verify that no additional changes had been introduced. 


Phosphoamino acid analyses 


Protein preparations were phosphorylated with [y-**PJATP, 
resolved by SDS/PAGE and transferred to PVDF membranes. 
Immobilized proteins were excised and phosphoamino acids 
released by hydrolysis in 6M НСІ for 1h at 120°C The 
supernatants containing the phosphoamino acids were freeze- 
dried, then resuspended in 15 ul of pH 1.9 buffer [22% (v/v) 
formic acid/7.8% (v/v) acetic acid] containing phospho-Ser, 
phospho-Thr and phospho- Tyr standards (1 ug of each). Samples 
of 1.5 ul (approx 1000 c.p.m.) were spotted on to cellulose 
chromatography plates (J. T. Baker, Phillipsburg, NJ, U.S.A.) in 
intervals. Plates were placed ın a model HTLE-7000 Hunter thin- 
layer electrophoresis apparatus ın accordance with the manu- 
facturer's instructions (CBS Scientific Company, Del Mar, CA, 
U.S.A.) Electrophoresis in the first dimension with pH 1.9 
buffer was performed at 1.5 kV for 20 min. After the first 
dimension the plates were dried and rotated through 90 ° for the 
second dimension. Electrophoresis in the second dimension, with 
pH 3.5 buffer [5% (v/v) acetic acid/0.5% (v/v) pyridine], was 
performed at 1.3 kV for 16 min. Plates were then dried and 
phosphoamino acid standards were detected by being stained 
with 0.25% (w/v) ninhydrin in acetone, then being baked at 
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65 °C for 15 min. Radiolabelled amino acids were detected by 
autoradiography. 


RESULTS 
Characterization of AtPDK 


When expressed as a fusion with the Escherichia coli MBP, 
AtPDK migrated as an 87+ 3 kDa (n = 3) polypeptide during 
SDS/PAGE (Figure ТА). This protein was absent from untrans- 
formed bacteria, determined by immunoblotting with anti-PDK 
antibodies (Figure 1C). Approximately 10-15%, of MBP- 
AtPDK was soluble under native conditions and this protein was 
purified to near-homogeneity by amylose affinity chromato- 
graphy. Protein yields ranged from 0.1 to 0.2 mg/l of culture 
broth. Removal of the MBP fusion partner by cleavage with 
factor Xa protease was 40°, efficient after digestion for 18 h. 
Digestion efficiency was improved to nearly 100°, when equi- 
molar amounts of protease and fusion protein were incubated 
(Figure 2C). To estimate the native size it was necessary to 
remove MBP because it is capable of forming dimers [24]. The 
factor Xa-cleaved PDK migrated at 44 +2 kDa (п = 3) during 
SDS/PAGE, with a native molecular mass, as determined by 
size-exclusion chromatography. of approx. 86 kDa, suggesting a 
homodimeric native conformation. The His-121A and His-121Q 





Anti-PDK 
antibodies 


Figure 1 Expression and purification of MBP—AtPDK chimaera 


(А) Coomassie Biue-stained SDS/PAGE of a typical expression and purification profile. Total 
protein fractions are shown from untransformed cells ( — vector), transformed cells without 
( — IPTG) or with ( -+ IPTG) the addition of the Inducer isopropyl #-o-thiogalactoside at 0.5 mM. 
After сеп disruption the ‘insoluble’ fraction (lane 4) was removed by centrifugation (9000 g) 
and the supernatant was termed ‘soluble’ protein (lane 5}. The MBP fusion bound to an 
amylose-affinity matrix and the unbound fraction was termed ‘flow through’ (lane 6). The matrix 
was washed with 50 column vol. of wash buffer (lane 7). after which the bound protein was 
eluted with maltose-containing buffer (lane 8). (B) The His-121A and His-1210 mutants were 
purified by using the same procedure: they migrated at the same position as wild-type PDK. 
(С) Immunobiot of protein from (A) probed with anti-POK polyclonal antibodies. The positions 
of molecular mass markers are indicated for (A) and (B). 





Figure 2 Autophosphorylation of MBP—AtPDK and transphosphorylation of 
PDC E12 


(A) Phosphorylation of kinase-depleted maize mitochondrial PDC by MBP-AIPDK. Kinase- 
depleted maize PDC (3 ий) was incubated with 2 ug of MBP or MBP--AtPOK for 30 min at 
25 °C in the presence of Mgl y-*PJATP? ~ (5 пСО mCi/mmol). Reactions were stopped by 
the addition of SDS/PAGE sample buffer followed by boiling. Controls jacking MBP-—AIPDK 
(lane 1), containing maize PDC plus MBP (lane 2) and lacking maize POC (lane 3) are also 
shown. Abbreviation: w.t.. wild-type. (B) Lane 1, ““P-phosphorylated MBP—AIPDK was chased 
with a 10-fold excess of MgATP^" for 5 min before the addition of kinase-depleted maize PDC 
[in the same ratio as in (AY; the reaction proceeded for 1 h at 25 °C before termination with 
SDS/PAGE sample buffer. Lane 2, "P-phosphorylated MBP—AIPDK was desalted by G-50 
Sephadex chromatography and subsequently incubated with kinase-depleted maize PDC for 1 ^ 
at 25 °C. (6) Phosphorylated MBP—AtPDK (0.2 ип) was digested with a molar equivalent of 
factor Xa protease (New England Biolabs) for 18 h at 25 °C before resolution by SDS/PAGE. 
The position of the radiolabelled polypeptide coincided with that of АРОК, which was detected 
by immunoanalysis. 


mutants were identical in size with the wild-type protein (Figure 
ІВ). 


AtPDK inactivates kinase-depleted maize mitochondrial РОС and 
phosphorylates maize pyruvate dehydrogenase on Ser residues 


When incubated in the presence of MgATP"* , purified MBP- 
AtPDK inactivated kinase-depleted maize mitochondrial PDC. 
whereas purified MBP had no effect on PDC activity (Table 1). 
Although the kinetics of inactivation were slower than observed 
in previous investigations of plant mitochondrial РОС [5.6.21]. 
recombinant AtPDK was capable of inactivating 90", of kinase- 
depleted maize mitochondrial PDC. The specific activity of 


of PDK) than that of maize MBP-PDK?2 (40 PDC units 
inactivated/min per mg of PDK [18]) with maize mitochondrial 
PDC as substrate. Inactivation of kinase-depleted PDC was 
coincident with the incorporation of *P from y-labelled ATP 
intoa 43 kDa polvpeptide (Figure 2A). The radiolabelled 43 kDa 
polypeptide was not observed in purified MBP or MBP-PDK 
preparations incubated with [?-"PJATP (Figure 2A). Addition 
of purified MBP to kinase-depleted. PDC resulted in no 
phosphorylation of the 43 kDa protein (Figure 2A). demon- 
strating that these PDC preparations were kinase-depleted and 
that recombinant AtPDK was responsible for phosphorylation. 
The size of the radiolabelled polypeptide is identical with that of 
maize mitochondrial Ela [21.25]. These results clearly dem- 
onstrate that recombinant AtPDK phosphorylates the 43 kDa 
maize Elx subunit, concomitantly inactivating PDC. Phospho- 
Ela amino acid(s) were resistant to treatment with acid, indicative 
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Table 1 Effect of MBP—AIPDK on kinase-depleted maize PDC activity in 
the presence of MgATP^ 


Approximately 40 zeg of kinase-depleted maize PDC was incubated with 0.2 mM МОАТР? plus 
recombinant protein at 25 °C for 5 min, then immediately assayed for activity. All rates were 
normalized to the rate (0.72 mol of NADH/min per mg) in the absence of MgATP*” and 
recombinant protein activity. The final rates were obtained by incubating the sample with 
MgATP^ for 1 h before assay. All rates are means + S.D. for three measurements. 


Control contents Relative activity (9%) 


—MgATP^', — PDK 
+ MgATP?”, -- МВР (15 ag) 


100 +5 
95 +8 


With MgATP^": PDK added (ий) Relative activity (9%) 


t5 98 4-5 

317 84+14 

9 65 +4 
15.0 45+4 


incubation for 60 min Relative activity (%) 


10569 
100+ 3 


PDK (3.7 ug) 
MBP (5.0 ид) 





pH 3.5 





pH 1.9 





Figure 3 Phosphoamino acid analyses of radiolabelled maize mitochondrial 
E1x (A) and MBP—AtPDK (B) 


(А) Kinase-depleted maize PDC was phosphorylated with MBP--AIPDK, resolved by SDS/PAGE 
and transferred to PVDF membrane. Radiolabelled Ela band was excised and subjected to acid 
hydrolysis followed by two-dimensional thin-layer electrophoresis. Phosphoamino acid standards 
were revealed with ninhydrin and °*P-labetled amino acids were detected by autoradiography 
(16 h exposure). (B) Autoradiograph of autophosphorylated MBP-AtPDK subjected to 
phosphoamino acid analysis as described for (A). Arrows indicate the directions of electrophoretic 
migration: pH buffers are indicated on the axes. 


of phosphoester bonds. Acid hydrolysis of the radiolabelled 
43 kDa maize Ela, followed by two-dimensional thin-layer 
electrophoresis, indicated phosphorylation took place exclusively 
on Ser residues (Figure 3A). 


AtPDK is autophosphorylated on Ser residues 


When incubated with [y-"PJATP, MBP-AtPDK was auto- 
phosphorylated in both the presence and the absence of PDC 
with similar efficiencies (Figure 2A). Autophosphorylation 
exhibited Michaelis-Menten kinetics, reaching saturation near 
40 min. The autophosphorylation reaction was pH-dependent, 
with an optimum at 7.3, and was abolished when a heat- 
denatured sample was used. These results indicated that auto- 
phosphorylation was enzyme-catalysed and could not be 
attributed to non-specific binding of ATP. The stoichiometry 
of AtPDK autophosphorylation was approx. 0.10 mol of 
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Figure 4  Autophosphorylation and tryptic digestion of MBP—AIPDK 


(A) Coomassie Biue-stained SDS/PAGE of intact MBP—AIPDK (3 4g) and MBP—AIPDK 
digested with trypsin (0.5 wg) for 16 h at 25 °C. (B) immunobiot of (A) probed with anti-PDK 
antibodies (PDK Abs). (C-E) MBP—AIPDK (0.5 ид) was incubated with [y P]ATP (1 Ci, 
10 mCi/mmol before tryptic digestion Папе 2). (C) Immunoblot was probed with anti-MBP 
antibodies (MBP Abs) (D, E) Autoradiographs of replicate-biotted *P-autophosphorylated 
MBP—AIPDK. The blot in (E) was washed with 30% (w/v) trichloroacetic acid (TCA) for 1 h at 
25 °С to cleave acid-iabile phosphoamino acid bonds. Both autoradiographs were exposed for 
4h. Although radiolabel migrated with the undigested N-terminal hall of the fusion protein, 
which was predominantly composed of МВР, АРОК was incapable of phosphorylating purified 
MBP. Furthermore, cleavage of the radioiabeiled fusion protein at the fusion junction (with factor 
Xa) indicated thal if was AIPDK that was phosphorylated. On the basis of these results, the 
phosphorylation site resides near the undigested N-terminus of АРОК. The positions of 
molecular mass markers are indicated between (B! and (0). 


phosphate/mol of protein. AtPDK phosphorylation was com- 
pletely stable to cleavage with 30%, (w/v) trichloroacetic acid 
indicating that a hydroxyamino acid such as Ser, Thr or Tyr was 
phosphorylated (Figures 4D and 4E). Phosphoamino acid analy- 
ses indicated only Ser residues were phosphorylated (Figure 3B). 
Autophosphorylated AtPDK was incapable of transferring 
covalently bound phosphate to PDC when label was chased or 
when incubated with PDC after the chromatographic removal of 
endogenous ATP by Sephadex G-50 (Figure 2B). 

To help to identify the site of autophosphorylation, limited 
proteolysis of phosphorylated MBP-AtPDK under non- 
denaturing conditions wasemployed. Digestion of MBP-AtPDK 
with trypsin vielded one predominant polypeptide of approx. 
45 kDa (Figure 4A). Through immunoblot analyses, with anti- 
MBP and anti-PDK antibodies, it was determined that the 
45 kDa polypeptide corresponded primarily to the MBP half of 
the fusion protein (Figures 4A-4C). This finding enabled us to 
map the autophosphorylation site coarsely to the N-terminal 
half of the fusion protein (Figure 4D). Because the 45 kDa N- 
terminal half was primarily MBP, it was necessary to determine 
whether AtPDK was capable of transphosphorylating purified 
MBP. When purified MBP was incubated with MBP-AtPDK 
and MgATP* at a 5:1 molar ratio, no transphosphorylation 
of MBP was observed, though autophosphorylation of 
MBP--AtPDK occurred during this period (results not shown). 
It was therefore concluded that the autophosphorylation site 
was localized to the undigested N-terminus of AtPDK. This was 
supported by the observation that the radiolabel from factor-Xa- 
cleaved MBP--AtPDK co-migrated with the AtPDK polypeptide 
(Figure 2C). 


Mechanism of phosphorylation 


Because PDKs contain domains diagnostic of protein histidine 
kinases yet phosphorylate Ser residues in the target sequence, the 
mode of phosphotransfer warranted further investigation. We 
hypothesized that if phosphotransfer occurred through a 
phosphohistidine intermediate, mutating that residue should 
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A. thaliana VKVRH!!NNVVP..... IRMLIGQHiÓ'VELHNP 
Z. mays I vxvnH!NNVVP..... IRMLIGQH!ÜÉ'VALHDP 
Z. mays II ТВУЕНЇ TNVVP..... IRMLIGQH!ÜÓ"vALHDP 
D. melanogaster IRNRH'ÜNDVVQ.....IRMLINQH! ^TLLFGG 
A. suum ILKRM'" SRVVE..... IRMLONQH'Ü"LvvFGV 
C. elegans VLKRH'"PAHVVE..... IRMLQNQH'Ü^LVVFGN 
R. rattus IRNRH ÜNDVIP..... IRMLLNQH'??siLFGOG 
H. sapiens IRNRH'Ü'NDVIP..... IRMLLNOH!""sILFGG 
R. rattus BCDK LLDDR'ÉKDVVT..... IRMLATHR/Ü LALHED 
Consensus +++RB + VV o ..... IRML++QH ++LHG 


Figure 5 Comparison of the amino acids surrounding the two invariant His 
residues in PDKs and BCDKs 


Ай sequences are PDKs except for Hafius raltus BCOK. The invariant His residues proposed 
to be involved in phosphotranster are shown in Bold. If five or more residues are identical in 
position, this residue is presented in the consensus sequence. If five or more residues are not 
identical, but are of the same amino acid group, this is indicated by + in the concensus 
Sequence. Genbank accession numbers: А. thaliana, AF039406; Z mays |. 11, AF038585, 
AF038586: Drosophila melanogaster, 088814; Ascaris suum, U94519; Caenorhabdhitis 
elegans, M98552; А. rattus, L22294; Homo sapiens, 142450; А. rattus BCDK, M93271. 
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Figure 6 Kinetics of MBP—AIPDK autophosphorylation 


Equal amounts (5.4 ug) of purified МВР--АІРОК were incubated with [у °Р]АТР (10 HCI. 
10 mCi/mmol} at 25 °C. Samples were removed at indicated time points and mixed with an 
equal уоште of sample buffer before analysis by SDS/PAGE. (А) The relative phosphorylations 
of MBP—PDK polypeptides [shown in (B): \7, H121A; A, H1210] were quantitied with 0530 
software (PDI, Huntington Station, NY, U.S.A.) and plotted relative fo that of the wild-type 
enzyme (©). (B) Autoradiograph of MBP—AIPDK autophosphorylation. (C) Ponceau S-stained 
[0.1% (w/v) Ponceau S in 30% (м/у) trichloroacetic acid] loading control for (B). 


abolish phosphorylation. Although at least three His residues are 
semi-conserved in all PDKs (and BCDK), only two are invariant, 
His-121 and His-168 (Figure 5). Because His-121 was previously 
proposed to be the phosphotransfer His, this residue was mutated 
to Ala or Gin. On an equivalent protein basis, purified His-121A 
and His-121Q AtPDKs were autophosphorylated at approx. 
40-50 °; of the level of the wild-type protein during time-course 
studies (Figure 6). Autophosphorylation was consistent between 
PDK preparations, indicating that this difference was not due to 


recombinant expression. The lower degree to which these mutants 
phosphorylated maize Ela (in comparison with wild-type 
AtPDK) confirmed the lower V of these mutants (Figure 2A). 


DISCUSSION 


Reversible protein phosphorylation 1s a ubiquitous mechanism 
for signal transduction. Prokaryotic organsims use His-to-Asp 
phosphotransfer, whereas eukaryotic signal transduction 
cascades are predominantly mediated by the reversible 
phosphorylation of Ser, Thr and Tyr [26,27]. Examples of 
eukaryotic protein histidine kinases also exist, and His-to-Asp 
phospho-relays have been proposed [28]. So far. however, 
there are no conclusive examples of histidine kinases that 
phosphorylate Ser rather than Asp residues in Nature. Phyto- 
chrome from higher plants contains some of the hallmark 
histidine kinase domains yet phosphorylates Ser residues [29]. 
Additionally, the Е. coli histidine kinase CheY phosphorylates 
hydroxyamino acids such as Ser when no Asp residue is available 
on its cognate response regulator, although the reaction mech- 
anism is unknown [30]. It was later postulated that the high 
transfer potential of a phospho-His, the stability of a phospho- 
Ser and the proper positioning of the accepting amino acid 
collectively facilitate this unique His-to-Ser phospho-relay [28]. 
Although the CheY example was created artificially, the mito- 
chondrial PDK might have evolved a similar phospho-relay 
system naturally. 

Aside from PDK, other protein histidine-like kinases have 
been discovered in plants. One of these histidine-like kinases, 
‘ethylene triple response’ (encoded by eir/), is involved in 
ethylene signal transduction and was discovered as a loss-of- 
function mutant responsible for a constitutive ethylene response 
phenotype [31]. Autophosphorylation of ETR is sensitive to 
treatment with acid, which is suggestive of His phosphorylation. 
Site-directed mutagenesis confirmed that this occurs on a His 
residue within the putative phosphotransfer domain [32]. The 
green algal phytochrome undergoes autophosphorylation on a 
His residue, determined via site-directed mutagenesis [33]. 

In the present study, a presumptive PDK homologue recently 
identified from А. thaliana was functionally expressed in Ё. coli. 
Fusing PDK with MBP obviated the difficulty in obtaining 
soluble AtPDK, observed previously with maize PDKs [18], and 
enabled the Ela subunit to be resolved from PDK during 
SDS/PAGE. For these two reasons intact MBP-PDK protein 
was used in this investigation. Autophosphorylation was not 
observed with MBP-AtPDK from nematodes [34]; in contrast, 
mammalian PDKs [16] and BCDKs [17] are capable of Ser- 
autophosphorylation. Here we demonstrate that the 4. thaliana 
PDK is also capable of Ser-autophosphorylation. The phospho- 
Ser residue for AtPDK is located near the N-terminus as 
determined by mapping after limited proteolysis. Candidate 
residues include Ser-13, Ser-30 and Ser-39 because these are 
closest to the N-terminus on the basis of the deduced amino acid 
sequence. Recombinant maize PDK2 also undergoes Ser-auto- 
phosphorylation (results not shown), suggesting that this 
phenomenon might occur with all plant PDKs. Although the 
significance of Ser-autophosphorylation is not known, it is not 
an artifact induced by the absence of natural substrate because 
autophosphorylation was equivalent in the presence and in the 
absence of PDC (Figure 2A). Also, this phospho-Ser is not à 
catalytic intermediate, as evidenced by the inability to transfer 
this particular phosphate to maize Ela (Figure 2B). Because 
the stoichiometry of autophosphorylation is less than 1 mol 
of phosphate per mol of MBP-AtPDK, it is likely that only one 
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phosphorylation site is present. The low stoichiometry of phos- 
phate incorporation into purified MBP-AtPDK might indicate 
that autophosphorylation had taken place during bacterial 
expression before isolation of the protein. 

Recombinant AtPDK inactivated kinase-depleted maize mito- 
chondrial PDC by phosphorylating Ser residues on the 43 kDa 
Ela subunit The specific activity of recombinant MBP-AtPDK 
was approx. one-quarter of that for recombinant maize MBP- 
PDK2 [18]. This difference was surprising because maize Ele 
shares 80% overall identity with A thaliana Ele and 100% 
identity within the predicted phosphorylation motifs [25]. The 
difference in specific activities 1s therefore attributed either to 
PDK properties or docking site(s) to the dihydrohpoamide 
acetyltransferase (E2) core complex. Reconstitutions of mam- 
malian PDCs have shown a 3—5-fold decrease in PDK activity 
(inactivation of PDC) in the absence of the E2 core [35-37]. This 
observation was explained by a proximity model ın which the 
independent binding of El] and PDK by the E2 core couples Ela 
phosphorylation. Recently, we demonstrated that dicotyledon- 
ous plants, such as A. thaliana, contain two mitochondrial E2 
isoforms that share 3394 amino acid identity [38], the primary 
difference being the presence of one compared with two lipoyl 
domains In contrast, monocots such as maize possess a single 
mitochondrial E2 that contains one lipoyl domain [21,38]. 
Because mammalian PDKs have been shown to bind to the E2 
core via the lipoyl domains [16,36,37], perhaps the divergence 
between monocot and dicot E2 cores hinders AtPDK binding to 
maize PDC, resulting in a lower specific activity in vitro. Steric 
hindrance by the bulky fusion partner (MBP) might also con- 
tribute to the decreased activity. 

The ability of a histidine-hke kinase such as PDK to auto- 
phosphorylate and transphosphorylate Ser residues is enigmatic. 
In an attempt to explain this we employed a site-directed 
mutagenesis approach. Histidine kinases require a His residue 
for phosphotransfer. Typically the His residue lies upstream of 
the Gly-rich ATP-binding domains and lacks conserved flanking 
sequences [39]. This organization 1s best described as an island 
domain. Seven His residues in the AtPDK sequence fit this 
description. Of those, only His-121 and His-168 are present in all 
PDKs (Figure 5). Because His-121 was previously postulated as 
the cardinal phosphotransfer His [15,18], this site was further 
investigated. 

Mutating His-12] to either Ala ог Gln did not noticeably alter 
the stability or yield of recombinant protein in comparison 
with the wild-type control. However, on an equal protein basis 
both mutant PDKs had decreased activity compared with wild- 
type as observed by Ser-autophosphorylation and transphos- 
phorylation of Ela. A lower И, could not be attributed to the 
substitution of a neutral amino acid because replacement with 
Gin gave results similar to those with. Ala. The simplest inter- 
pretation 1s that His-121 1s necessary for maximum activity but 
is not essential for catalysis. If His-121 is indeed a site for 
phosphotransfer, site-directed mutagenesis of this residue indi- 
cates either that PDKs have multiple phosphotransfer sites or 
that mutagenesis of His-121 exposes an otherwise cryptic site. In 
favour of this explanation, the covalent modification of MBP- 
AtPDK with two different His-modifying agents, diethyl pyro- 
carbonate and (2,2’ 6',2"-terpyridine)-platinum (II) dihydrate, 
completely abolished activity [40]. It is therefore evident that 
multiple His residues are involved in kinase function. The results 
presented here demonstrate that His-121 is one of these func- 
tionally important His residues, although at least one other must 
exist because activity was not completely abolished. Resolving 
this issue will require the scanning mutagenesis of other His 
residues. 
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Figura 7 Model of PDK phosphorylation mechanism 


The proposed model is based on the evidence that PDKs are descendants of prokaryotic protein 
histidine kinases, and also on the involvement of His residues in phosphotransfer and analyses 


revealing that PDKs autophosphorylale and transphosphorylate on Ser residues Because ~~ 


mutagenesis of Hts-121 (this paper) did not completely abolish activity, a second phosphotranster 
His residue (His-168) is proposed The two conserved His residues (His-121 and His-168) are 
numbered in accordance with the AIPDK primary sequence Mutagenesis or covalent 
modification of conserved His residues and the effect on relative астау are noted Covalent 
modification of His was performed as described previously [40] 


In summary, we have functionally expressed the A thaliana 
PDK to improve understanding of the properties of phos- 
phorylation. Recombinant AtPDK inactivated kinase-depleted 
maize PDC by phosphorylating Ser residues on the Ela subunit, 
although the specific activity of AtPDK was one-quarter of 
that of maize PDK2. During phosphorylation assays it was 
noticed that the MBP-AtPDK fusion also underwent auto- 
phosphorylation. Analyses of phosphoamino acids after limited 
proteolysis revealed that this occurred on a Ser residue, most 
probably near the AtPDK N-terminus. The autophosphory- 
lated Ser was stable in pulse-chase reactions and was not 


an intermediate for Ela phosphorylation. Site-directed muta- ` 


genesis of His-121 curtailed autophosphorylation and trans- 
phosphorylation efficiencies by approx. 50%. The results 
presented here support the conclusion that PDKs are protein 
kinases that use at least one phosphohistidine intermediate for 
the transfer of phosphoryl groups to Ser residues (Figure 7). In 
support of this model are the following data. (1) The primary 
amino acid sequence resembles that of prokaryotic His kinases 
more closely than that of eukaryotic Ser/Thr protein kinases (2) 
Two invanant His residues are present within the primary amino 
acid sequence of all PDKsand BCDKs (3) Covalent modification 
of His residues on AtPDK abolishes activity [40] (4) Mutagenesis 
of His-121 to Ala or Gln significantly decreases kinase activity. 
(5) PDKs autophosphorylate and transphosphorylate Ser 
residues. Although a phospho-His intermediate has not yet been 
directly defined, this might be attributed to the instability of this 
intermediate or to rapid phosphotransfer. 
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Unifying mechanism for Aplysia ADP-ribosyl cyclase and 
- CD38/NAD* glycohydrolases 


Céline CAKIR-KIEFER, Hélene MULLER-STEFFNER and Francis SCHUBER' 
Laboratolre de Chimie Bioorganique, UMR 7514 CNRS-ULP, Faculté de Pharmacie, 74 route du Rhin, 67400 Strasbourg-illkirch, France 


Highly purified Aplysia californica ADP-ribosyl cyclase was 
found to be a multifunctional enzyme. In addition to the known 
transformation of NAD* into cADP-ribose this enzyme is able to 
catalyse the solvolysis (hydrolysis and methanolysis) of cADP- 
ribose. This cADP-ribose hydrolase activity, which becomes 
detectable only at high concentrations of the enzyme, is amplified 
with analogues such as pyridine adenine dinucleotide, in which 
the cleavage rate of the pyridinium-ribose bond is much reduced 
compared with МАР“, Although the specificity ratio V... / Kn is 


rin favour of NAD* by 4 orders of magnitude, this multi- 


-—— 


Кыл 


functionality allowed us to propose a ‘partitioning’ reaction 
scheme for the Aplysia enzyme, similar to that established 
previously for mammalian CD38/NAD* glycohydrolases. This 
mechanism involves the formation of a single oxocarbenium- 
type intermediate that partitions to cADP-ribose and solvolytic 


products via competing pathways. In favour of this mechanism 
was the finding that the enzyme also catalysed the hydrolysis of 
МММ", a substrate that cannot undergo cyclization. The major 
difference between the mammalian and the invertebrate enzymes 
resides in their relative cyclization/hydrolysis rate-constant 
ratios, which dictate their respective yields of cADP-ribose (ADP- 
ribosyl cyclase activity) and ADP-ribose (NAD* glycohydrolase 
activity). For the Aplysia enzyme’s catalysed transformation of 
NAD* we favour a mechanism where the formation of cADP- 
ribose precedes that of ADP-ribose; i.e. macroscopically the 
invertebrate ADP-nbosyl cyclase conforms to a sequential re- 
action pathway as a limiting form of the partitioning mechanism. 


Key words: cADP-ribose, cyclic ADP-ribose hydrolase, hy- 
drolysis, methanolysis, NGD*. 





INTRODUCTION 


cADP-ribose, a new metabolite of NAD* discovered in the late 
1980s by Lee and collaborators [1], has attracted considerable 
attention because of its intracellular Ca**-mobilizing properties 
that are distinct from those of inositol 1,4,5-trisphosphate (for 
review see [2]). The first known enzyme able to convert NAD* 
into cADP-ribose was detected in invertebrates such as sea 
urchins [1]. Subsequently, the ADP-ribosyl cyclase from Aplysia 
californica, which is a soluble protein, was purified [3,4], cloned 
[5] and its three-dimensional structure determined [6]. Besides 
this enzyme, a cADP-ribose hydrolase that converts the cyclic 
metabolite into ADP-ribose has also been found in invertebrates, 
but much less ıs know about this activity [7]. 

In mammalian systems, the situation appeared to be quite 
different. First, the cloning of the Aplysia ADP-ribosyl cyclase 
revealed a striking sequence 1dentity of this enzyme with CD38, 
a lymphocyte antigenic marker for which no catalytic activity 
was hitherto known [5]. Then an NAD* glycohydrolase, purified 
from canine spleen microsomes, was demonstrated to be a 
multifunctional enzyme. Besides its major NAD* glycohydrolase 
activity, this enzyme was also able to convert NAD* into cADP- 
ribose and to hydrolyse this molecule into ADP-ribose [8]. The 
same multifunctionality was established for human CD38 [9] and 
later for bovine spleen NAD* glycohydrolase [10,11], an arche- 
typal representative of this class of enzymes (EC 3.2.2.6). Some 
topological and mechanistic problems were raised with regard 
to the biosynthesis of cADP-ribose in mammals. Thus CD38 
and NAD+ glycohydrolases, which are ecto-enzymes, transform 
NAD* only into small proportions of cADP-ribose (less than 
2% of the reaction products). Moreover, no intracellular equi- 
valent of the invertebrate ADP-ribosyl cyclase, which was given 


to convert NAD* quasi-exclusively into cADP-ribose, has been 
described to date. The multifunctionality of CD38 was first 
invoked to explain the limited formation of the cyclic metabolite. 
A sequential mechanism was proposed according to which cADP- 
rbose, after its formation from NAD+, does not accumulate 
because it is quickly turned over; accordingly the NAD* 
glycohydrolase activity of CD38 represents the sum of the 
ADP-ribosyl cyclase and cADP-ribose hydrolase activities [9,12]. 
In favour of this mechanism was the observation that 
nicotinamide-guanine dinucleotide (NGD*), an alternative sub- 
strate which leads to the non-hydrolysable cGDP-ribose, was 
predominantly transformed by CD38 into the cyclic reaction 
product [13]. The study of the molecular mechanism of bovine 
spleen NAD* glycohydrolase, which we have since demonstrated 
to be equivalent to CD38 [14,15], led us to propose a different 
reaction scheme Accordingly, NAD?*, after cleavage of its 
nicotinamide-ribose bond, generates an oxocarbenium-type 1n- 
termediate which then partitions between two competing 
pathways (Scheme 1):a reversible intramolecular reaction leading 
to cyclization (step k,) and a macroscopically irreversible inter- 
molecular hydrolysis reaction (step Ky o), generating ADP-ribose 
[11]. This mechanism, which links the low formation of cADP- 
ribose by CD38/NAD* glycohydrolases to an inefficient 
cyclization step relative to the capture of the oxocarbenium ion 
by a water molecule, was recently borne out by careful kinetic 
studies with a recombinant human CD38 [16]. 

In the present study, we have re-examined some aspects of the 
mechanism of Aplysia ADP-nbosyl cyclase. We have thus 
established that a highly purified form of this enzyme is also 
endowed with intrinsic NAD* glycohydrolase and cADP-ribose 
hydrolase activities. These activities are unmasked at higher 
enzyme concentrations, especially when using poorly hydro- 


Abbreviations used PyAD*, pyridine adenine dinucleotide, NGD*, nicotinamide-guanine dinucleotide 
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Scheme 1 Reaction mechanism of CD38/NAD* glycohydrolases 


CD38/NAD* glycohydrolases catalyse the cleavage of the nicotinamide bond of NAD* leading to the formation of an Е ADP-nibosyl intermediary complex (where E ts the enzyme) This intermediate 
then partitions between competing intramolecular (ADP-ribosyl cyclase) and intermolecular (solvolysis, transglycosidation) pathways [11,14,16] (where x is the subshtuent of the pyndine) Note 


that the solvolysis reacbons (hydrolysis and methanolysis) are macroscopically irreversible 


"d 


lysable pyridintum analogues of NAD*. Moreover this enzyme is 
also able to catalyse the methanolysis of both NAD* and cADP- 
ribose. Altogether, these reactions are very similar to the ones 
described for bovine and human CD38/NAD* glycohydrolases. 
We therefore propose a unifying mechanism for the invertebrate 
and mammalian enzymes, the major difference being their relative 
efficiencies in favouring the intramolecular reaction leading to 
the cyclic reaction product 


EXPERIMENTAL 
Materials 


[adenosine-U-*C]NAD* (567 Ci/mol) was from NEN (Boston, 
MA, U.S.A). NAD+, МОРЮ“, LN*-ethenoNAD* and cADP- 
ribose were from Sigma (L'Isle d'Abeau Chesnes, France) 
Pyridine adenine dinucleotide (PyAD*) was prepared according 
to [17]. Hydroxylapatite (Bio-Gel HTP) and Affi-Gel Blue were 
obtained from Bio-Rad (Ivry-sur-Seine, France). DEAE-cellu- 
lose (DE 53) was from Whatman Laboratories (Maidstone, 
Kent, ОК.) and CM-Sepharose CL-6B was from Pharmacia 
Biotech (Uppsala, Sweden). 


Purification of A. californica ADP-ribosyl cyclase 


ADP-nbosyl cyclase was purified, with some modifications, 
according to published procedures [3,4,18]. The soluble fraction 
(0.9 g) obtained from ovotestis of A. californica that was provided 
generously by Dr Bernard Poulain (CNRS-Neurochimie, 
Strasbourg, France) was applied to a 5 x 23-cm CM-Sepharose 
CL-6B column. The enzyme was eluted (flow rate, 1 ml/min) 
with a 0—1 M gradient of NaCl in 10 mM potassium phosphate 
buffer, pH 7.4 (buffer A). After dialysis against buffer A the 
enzyme was then purified further on a 2.5x60-cm DEAE- 
cellulose column, equilibrated and eluted with the same buffer In 
some experiments the cyclase was also chromatographed on Affi- 
Gel Blue. Briefly, a 1 x 2.5-cm column was washed with buffer A 
containing 1 M NaCl and then equilibrated with the same buffer. 
About 100 ug of the enzyme were loaded at 0.2 ml/min and the 
enzyme was eluted with a linear 0-1 M gradient of NaCl in buffer 
A. The protein concentration was determined by the BCA 
(bicinchoninic acid) protein assay from Pierce using BSA as 
standard. 
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Gel electrophoresis 


SDS/PAGE was performed according to standard methods and 
the gels were silver-stained using a kit based on the technique of 
Heukeshoven and Dernick [19]. 


Enzyme assays 


Cyclase activity was determined routinely using either the 
cyanide-addition assay [20] for ADP-ribosyl cyclase activity or 
continuous fluorometric assays with NGD* as substrate by 
estimating the appearance of cGDP-ribose (emission at 410 nm, 
excitation at 310 nm) [13] for GDP-ribosyl cyclase activity: 
NGD* (final concentration 50 uM) was incubated at 37°C in 
buffer A in the presence of about 20 m-units of enzyme. To 
determine the kinetic parameters, ADP-ribosyl cyclase and 
cADP-ribose hydrolase activities were measured using, respect- 
ively, 2.5-20 uM МАР” in the presence of [adenosine-*^C]|NAD* 
(220000 d.p.m.) and 0.025-2.25 mM cADP-ribose in 50 mM 
potassium phosphate buffer, pH 7.4, incubated at 37 °С in the 
presence of, respectively, 2 and 200 m-units of purified ADP- 
ribosyl cyclase. At different time points, aliquots were analysed 
using HPLC as described below. 


Methanolysis catalysed by ADP-ribosyl cyclase 


The nucleotides (NAD*, PyAD* and cADP-ribose; final con- 
centration 20 uM) or NGD* (100 uM) were incubated at 37 °C 
in buffer A, in the presence of 0-2 M methanol (final volume 
200—500 Ш) and given amounts of ADP-ribosyl cyclase At 
different time points, aliquots were analysed by HPLC as 
described below. The #-methyl ADP-ribose and -methyl GDP- 
ribose standards were prepared as published previously [11,21]. _ 


Analysis of the reaction products by HPLC 


Product analysis was performed by HPLC on a 300 x 3.9-mm 
#Bondapack C,, column (Waters) on aliquots of the reaction 
medium centrifuged at 10000 g for 10 min at 4 °C in a Microcon 
microconcentrator (10-kDa cut-off; Amicon) [11]. The com- 


pounds were eluted isocratically with a 10mM ammonium 
phosphate buffer, pH 5.5, containing 1.2% (v/v) acetonitrile, 
detected by their UV absorbance at 260 nm and/or by radio- 
detection (Flo-one, Packard Instruments). Standards were 
injected to determine the elution times and to identify the 
different reaction products. 


Kinetle analysis 


The initial rates of substrate transformation were calculated 
from a polynomial regression curve. Kinetic parameters were 
determined from the plot of initial rate as a function of substrate 
concentration using a non-linear regression program (GraphPad 
Prism). 


RESULTS 


When using large quantities of purified A. californica ADP- 
ribosyl cyclase to transform slow-reacting NAD* analogues into 
their corresponding cyclic derivatives we uncovered an apparent 
NAD* glycohydrolase activity, 1.e. formation of ADP-ribose, 
which otherwise remains largely unnoticed. This observation 
prompted us to study the capacity of this enzyme to catalyse 
alternative pathways that might be useful in further delineating 
its molecular mechanism. 


Aplysia ADP-ribosyi cyclase is also a cADP-ribose hydrolase 


In Figure 1 are represented typical progress curves obtained by 
Aplysia ADP-ribosyl cyclase-catalysed transformations of 
NAD*. When using intermediate amounts of enzyme (50 m- 
units; Figure 1A) the substrate was essentially transformed into 
cADP-ribose and only limited amounts of ADP-ribose were 
measured (less than 10% of the reaction products under these 
experimental conditions). This is in agreement with several 
authors who have also observed the limited contribution of a 
hydrolytic activity to the overall reaction [3,22,23]. However, 
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Figure 2 Double reciprocal plot of the A. californica ADP-ribosy! cyclase- 
catalysed hydrolysis of cADP-ribose 


Initial rates of the hydrolysis of cADP-nbose were measured in a 50 mM potassium phosphate 
buffer, pH 7.4, at 37 ?C 


with higher amounts of cyclase, the situation was quite different 
(Figure 1B); in this case, after a transient formation cADP- 
ribose declined with the concomitant formation of ADP-ribose, 
indicative of a hydrolytic step via either NAD* glycohydrolase or 
cADP-ribose hydrolase pathways, or by a combination of both. 

The occurrence of a hydrolytic transformation of cADP- 
ribose into ADP-ribose by Aplysia ADP-ribosyl cyclase was then 
studied directly and confirmed when using high-enough concen- 
trations of a highly purified enzyme (see below). The kinetic 
parameters for this newly described cADP-ribose hydrolase 
activity of the Aplysia enzyme were determined under steady- 
state conditions. At pH 7.4, a K, value of 1.04+0.15mM 
( X: S.D.) was found (Figure 2) and the maximal rate (V...) was 
3.34 1.15 umol: min^!: mg of protein. In comparison, the 
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Figure 1 Transformation of NAD* catalysed by A. californica ADP-ribosyl cyclase 


NAD* (300 4M) and [adenosine “C]NAD* (220000 d p m) in 50 mM potassium phosphate buffer, pH 7 4, were treated with 50 m-units (А) or 1 unit (B) of highly punfied А californica ADP- 
nbosyl cyclase at 37 °C At the given times, aliquots were taken, treated with 5% trichloroacetic acid and analysed by radio-HPLC. The reaction products formed are given as percentages of the 


total counts 
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Figure 3 SDS/polyacrylamide gel of purified A. californica ADP-ribosyl 
cyclase 


A heat-denatured sample of purified enzyme (2 jeg) was submitted to electrophoresis under 
reducing conditions on a 12% polyacrylamide gel. The band was revealed by silver staining. 
The positions of the molecular-mass markers (kDa) are indicated. 


following values were determined for NAD*: К, = 4.6+0.4 uM 
and V... = 465 + 57 umol: min! mg `’. It appears therefore that 
Aplysia ADP-ribosyl cyclase is a bifunctional enzyme that can 
synthesize and hydrolyse cADP-ribose. This cyclase/hydrolase 
ratio was not affected by temperature (down to 4 °C) and by pH 
(5-8; results not shown). It should be stressed that, as noted 
before [24], the Michaelis constants (К) found in the literature 
for МАБ” and some other substrates of the cyclase vary greatly 
and the value determined here is among the lowest. The reason 
for this unusual scatter in published data is unknown, but might 
reflect the mode of preparation of the Ap/vsia enzyme and its 
propensity to oligomerize [25]. 


Homogeneity of the ADP-ribosyl cyclase 


The enzyme used in the preliminary part of our study was 
purified from A. californica ovotestis according to the published 
procedures [3.4,18]. However, to ensure the homogeneity of the 
protein used, additional purification steps were performed such 
as a DEAE-cellulose column followed by pseudo-affinity 
chromatography on Affi-Gel Blue [26]. The first step. which is a 
‘negative’ one, ie. the enzyme is not retained by the gel, 
eliminated the small contaminating bands visible on denaturing 
gels. In contrast, the cyclase interacts strongly with the Blue gel 
and is eluted only by high monovalent-salt concentrations. The 
enzyme preparation thus obtained gave a single band at 
x 29 kDa on an overloaded SDS/polyacrylamide gel (Figure 3). 
Microsequencing of the N-terminal region over 18 residues 
(IVPTRELENVFLGRXKDY) was in perfect agreement with 
the known sequence of the cyclase from A. californica [5,27] and 
did not reveal any additional underlying sequence when using up 
to 1 nmol of protein in the Edman degradation. Electrospray MS 
also revealed a single-molecular-mass peak of 28 694.9 + 1.3 Da. 
This value, which was strictly reproducible for two different 
batches of purified Aplysia ADP-ribosyl cyclase, is slightly 
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inferior to 29539.8 Da, ie. the theoretical molecular mass 
expected from the sequence based on the cloning of the Aplysia 
enzyme [5,27]. This might be related to the occurrence of isoforms, 
most probably at the C-terminus, as described previously by Lee 
et al. [18]. Heat inactivation of the enzyme was also studied by 
measuring both ADP-ribosyl cyclase and cADP-ribose hydrolase 
activities. Incubation at 60 °С over a period of 40 min led to a 
decrease of activity that followed pseudo-first-order kinetics and 
in both cases identical slopes were observed (/,.. x 5.75 min; 
results not shown). Altogether these studies indicate that we have 
obtained a homogenous enzyme preparation and that the 
observed cADP-ribose hydrolase activity is an intrinsic property 
of the Aplysia ADP-ribosyl cyclase and is not due to à con- 
taminating protein present in our preparation. 


Further solvolysis reactions catalysed by Aplysia ADP-ribosyl 
cyclase 


One of the important issues raised by the finding that Aplysia 
ADP-ribosy! cyclase is also able to hydrolyse cADP-ribose is the 
following: what are the reaction pathways of this multifunctional 
enzyme? We reasoned on the reactions illustrated in Scheme 1, 
which has been established for the related bovine and human 
CD38/NAD: glycohydrolases [10.14]. For example, is ADP- 
ribose obtained by the transformation of NAD* in the presence 
of high amounts of the enzyme (Figure 1B) originating from the 
hydrolysis of transiently formed cADP-ribose or from a com- 
petition between the К, , and k, steps? We have addressed this 
question using three different tools: (i) the transformation of 
poorly hydrolysable pyridinium analogues of NAD', such as 
PyAD*, (ii) the study of methanolysis of cADP-ribose, МАЮ” 
and PyAD* and (iii) the hydrolysis of NMN'. 

The interest of PvAD" resides in the fact that this pseudo- 
substrate leads, after the cleavage of its pyridinium-ribose bond, 
to exactly the same reaction intermediate and products as МАЮ“ 
(i.e. cADP-ribose and ADP-ribose). The major difference be- 
tween the two dinucleotides is that because of the higher bond 
energy of the scissile bond in PyAD', the k, step should be 
substantially slowed down. For example, this was the case for 
decreased 500-fold [17]. Thus if cADP-ribose is a reaction 
intermediate between NAD* or its pyridinium analogues and the 
final hydrolytic product ADP-ribose. one would expect that 
cADP-ribose originating from PyAD* would have a higher 
probability of getting hydrolysed than when originating from 
NAD*. As a result, using such a poorly hydrolysable analogue 
we should amplify the importance of the cADP-ribose hydrolase 
pathway in the catalytic reaction, i.e. more ADP-ribose should 
be produced at the expense of the cyclic metabolite. This was 
precisely the case; we found that the Ap/ysia enzyme was able to 
transform PyAD* into both cADP-ribose and ADP-ribose, but 
at a much lower rate than МАЮ“ (x 3 orders of magnitude). 
Moreover with e.g. a 20 „М initial concentration of the analogue, 
at a 10°, reaction progress, the [CADP-ribose]/[ADP-ribose] 
ratio was about 2.2. As expected, this ratio decreased with 
advancement of the reaction (Figure 4), indicative ofa progressive 
hydrolysis of cADP-ribose. In comparison, under similar con- 
ditions when using NAD* as substrate, no ADP-ribose was 
detectable. Importantly, the slow turnover of PyAD* indicates 
that, in analogy to the CD38/NAD: glycohydrolases, the for- 
mation of the ADP-ribosyl intermediary complex is also rate 
limiting in the Aplysia ADP-ribosyl cyclase-catalysed trans- 
formation of МАР“ and its pyridinium analogues. 

We then studied the methanolysis of cADP-ribose. By analogy 
to bovine and human CD38/NAD* glycohydrolases [10,14.16]. 
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Figure 4 HPLC elution profile of the products obtalped by the A. californica 
ADP-ribosyl cyclase-catalysed hydrolysis of PyAD* 


PyAD* (20 АМ) was incubated at 37 °C in buffer A (fina! volume 500 uil), in the presence of 
05 unit of enzyme Product analysis (reachon advancement, 28%) was performed by HPLC 
as described In the Expenmental section. (a) cADP-ribose, (b) ADP-ribose and (c) PyAD* 
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Figure 5 HPLC elution profile of the products obtained by the A. californica 
ADP-ribosyi cyclase-catalysed solvolysis of cADP-ribosa in water/methanol 


CADP-nbosa (20 uM) was incubated at 37 °C In buffer A containing 05 M methanol (final 
volume 200 д1) m the presence of 30 m-units of enzyme Product analysis was performed by 
HPLC as descnbed in the Experimental section. (а) CADP-ribose, (b) ADP-nbose and (c) £- 
methyl ADP-ribose 


Aplysia ADP-ribosyl cyclase was also found to catalyse the 
methanolysis of the cyclic metabolite into methyl ADP-ribose. 
As determined by HPLC, this reaction resulted in the exclusive 
formation of the £-anomer, i.e. the methanolysis occurred with 
complete retention of configuration (Figure 5). Working with a 
0-2M range of methanol, two important parameters were 
established: (i) the product-partitioning ratio, i.e. К = [f-methyl 
ADP-riboselH,O]/[ADP-ribose][methanol], which indicates the 
relative reactivity of the E: ADP-ribosyl intermediate (where E is 
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Figure 6 Dependence of the initial rate of cADP-ribose solvotysis on the 
concentration of methanol 


Initia rates of cCADP-ribose (20 uM) solvolysis catalysed by друзя ADP-ribosyl cyclase (30 m- 
units) at 37 °C in buffer A contalning increasing concentrations of methanol (MeOH). 


the enzyme) with water and methanol, and (ii) the effect of 
methanol on the initial rates of cADP-ribose solvolysis (hy- 
drolysis and methanolysis). Methanolysis/hydrolysis product 
ratios were found to be constant throughout the time course of 
the reactions and proportional to the methanol concentra- 
tions; the value of К was estimated to be 152+9 (-- S.D.). This 
indicates that, on a molar basis, methanolysis is two orders of 
magnitude faster than hydrolysis and points to the possible 
occurrence of a stabilized oxocarbenium reaction intermediate in 
the catalysed reaction [21]. Such a result can be used further to 
dissect the reaction mechanism of the cADP-ribose hydrolase 
activity of the enzyme from a phenomenological standpoint. 
Thus ıt was of interest to determine whether this very important 
acceleration of the solvolysis of the ADP-ribosyl intermediate 
due to methanolysis had an incidence on the turnover of the re- 
action. With regard to that point, one can predict that if the 
formation of the ADP-ribosyl intermediate from cADP-ribose is 
rate limiting (step k_,), the addition of methanol would have no 
effect on the overall rate of cADP-ribose transformation, whereas 
if k,, 18 rate limiting then the turnover would be accelerated by 
the solvent [28]. This latter case was observed experimentally, 
ie. initial rates of cADP-ribose solvolysis were increased by 
the presence of methanol and a linear dependence of v, on the 
concentration of this solvent was found (Figure 6), suggesting 
that k , > k, о in Scheme 1. 

Methanolysis of NAD* catalysed by Aplysia ADP-ribosyl 
cyclase was also studied. Under the experimental conditions 
used, where little or no hydrolysis was observed in the absence of 
methanol, the addition of this solvent up to 2M did not 
drastically change the product distribution. Thus at 2 M meth- 
anol, -methyl ADP-ribose represented less than 5% of the 
reaction products. 

The Aplysia-cyclase-catalysed transformation of PyAD*, 
which leads to the formation of both cADP-ribose and ADP- 
ribose (see above), represents a favourable case for the study of 
methanolysis. In the presence of 0.5-2 M methanol, as assessed 
by HPLC, f-methyl ADP-ribose was also formed, mostly at the 
expense of cADP-ribose. In this case also, methanolysis was 
strictly proportional to the concentration of methanol and the 
partitioning ratio of 200+19 is within the range of the one 
measured for the methanolysis of cADP-ribose. This is an 
important observation because it indicates that, in Scheme 1, the 
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partitioning of the ADP-ribosyl intermediate between water and 
methanol is independent from its route of formation (steps k, or 
ka) 

ADP-ribosyl cyclase-catalysed hydrolysis of NMN* was also 
examined because of the great interest of this reaction for the 
understanding of the molecular mechanism of the enzyme. When 
using high amounts of enzyme (0.4 unit), we could indeed detect 
the hydrolysis of this mononucleotide and thus demonstrate 
that the cyclization step is not compulsory for the transformation 
of substrates by the Aplysia enzyme; this result is in favour of a 
‘partitioning’ mechanism (Scheme 1, see the Discussion). Be- 
cause NMN' cannot afford a cyclized product (К, = 0 in Scheme 
1) its turnover rate.should reflect a: k, +k, о; we found that for 
e.g. I mM МММ, which is close to the maximal velocity, the 
rate ratio NAD'/NMN* was about 3900. This high value 
contrasts with the CD38/NAD* glycohydrolase-catalysed re- 
actions, where the observed maximal velocities for NMN* and 
NAD* are within the same range [16,29]. It also indicates that in 
the Aplysia-enzyme-catalysed transformation of a substrate that 
cannot engage in a cyclization process, the slow step of the 
reaction pathway is most probably k,, „апа not the formation of 
the intermediary complex resulting from the cleavage of the 
nicotinamide-ribose bond. This was borne out by studying the 
effect of methanol, which increased the turnover rate of МММ; 
thus for example at 1 M methanol, the initial rate of NMN* 
solvolysis was increased 2-fold. 


Aplysia ADP-ribosyl cyclase does not catalyse methanolysis of 
NGD* 


МСО» is a useful alternative substrate because its transformation 
into solvolytic and cyclization reaction products occurs via dead- 
end (macroscopically irreversible) reactions; i.e. in contrast to 
cADP-ribose, cGDP-ribose is not enzymically hydrolysable 
(Scheme 1, К, z« 0). In this respect, we have demonstrated 
previously that in bovine and human CD38/NAD* glyco- 
hydrolase-catalysed transformations of NGD*, methanol was 
competing efficiently (К = 50) with the hydrolysis (k,,_,) and the 
cyclization (k,) steps and produced f-methyl GDP-ribose at 
the expense of cGDP-ribose [11,14]. This indicates that the 
reaction products are derived from a common oxocarbenium ion 
intermediate via competing іпіга- and intermolecular reactions 
[11,16]. In sharp contrast with these enzymes, and with the 
results obtained above with NAD*, the Aplysia ADP-ribosyl 
cyclase transformed NGD* into cGDP-ribose alone; no GDP- 
ribose was produced and in the presence of up to 2 M methanol 
no f-methyl GDP-ribose became detectable. These results are 
important because they indicate that (1) the k,/k,, , ratio is high 
enough in the Aplysia enzyme that k,/(K, „+ Конон) still macro- 
scopically favours the cyclization reaction, and that (ц) most 
probably, the formation of ADP-ribose and f-methy] ADP- 
ribose by the Aplysia-enzyme-catalysed solvolysis of NAD* 
involves a prior formation of cADP-ribose. 


DISCUSSION 


The major finding of the present work was that А. californica 
ADP-ribosyl cyclase, by analogy with the multifunctional mam- 
mahan CD38/NAD* glycohydrolases, was also able to catalyse 
the solvolysis (hydrolysis and methanolysis) of cADP-nbose. 
When considering NAD* and cADP-nbose as competing sub- 
strates for the active site of the Aplysia enzyme, the specificity 
ratio, і.е. the ratio of the specificity constants V... / К. 1s about 
3.2 x 10* in favour of NAD*. This very high value, which 15 due 
to a concomitant 2 x log increase of К, and decrease of V... 
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values for cADP-ribose as compared with NAD‘, contrasts with 
the much lower ratio of 50 established for example for the bovine 
CD38/NAD* glycohydrolase [10]. From these data we can con- 
clude that the invertebrate ADP-ribosyl cyclase 1s overwhelm- 
ingly a cyclase and that the cADP-ribose hydrolase activity, 
which becomes detectable only at very high enzyme concen- 
trations (Figure 1B), has most probably no physiological mean- 
ing. 

Nevertheless, the unravelling of this minor cADP-ribose hy- 
drolase activity 1s important from a mechanistic standpoint and 
sheds some new light on the mode of action of the Aplysia 
cyclase. From the literature and the results obtained here we can 
conclude that the ADP-ribosyl cyclase and mammalian CD38/ 
NAD? glycohydrolases, which are characterized by a great struc- 
tural similarity [6], have fundamentally the following activities in 
common (i) transformation of NAD* into cADP-ribose, albeit 
with vastly different yields (see the Introduction), we have 
shown here that this ADP-ribosyl cyclase reaction can also be 
extended to pyridinrum analogues of NAD* such as PyAD*; 
(ii) transglycosidation reactions [30—32]; (ш) hydrolysis of 
the mononucleotide NMN*; (iv) solvolysis of NAD* or its 
pyridinium analogues, і.е NAD* glycohydrolase activity, and (v) 
solvolysis of cADP-ribose, i e. cADP-ribose hydrolase activity. 
Interestingly, all of these reactions occur with retention of 
configuration at the anomeric carbon linked to the nicotinamide 
or other pyndinium residue, i.e. they generate f-ribosyl 
derivatives. Two mechanisms have been invoked for the mam- 
malian CD38/NAD* glycohydrolases that could account for 
their low cyclase activities. The mechanism that was proposed 
first ( sequential’ mechanism) involves an obligatory cyclization 
of NAD* into cADP-ribose followed by its hydrolysis into ADP- 
ribose [9]. Accordingly, the observed NAD* glycohydrolase ac- 
tivity of these multifunctional enzymes results from the sequential 
ADP-ribosyl cyclase and cADP-ribose hydrolase activities. The 
second mechanism (‘partitioning’ mechanism), which suggests 
that a single oxocarbenium-type intermediate partitions to cyclic 
and other products (solvolysis, transglycosidation), was borne 
out by experiment [8,11,14,16]. From the results obtained here, 
we can conclude that this latter mechanism also applies to A. 
californica ADP-ribosyl cyclase and therefore propose for these 
classes of enzymes a unifying mechanism that is illustrated m 
Scheme 1. The ratio [CADP-ribose]/[ADP-ribose], which is the 
main difference between the invertebrate and the mammalian 
enzymes in terms of outcome of the reaction, resides most 
probably in the actual values (and/or ratios) of critical rate 
constants that are dictated by structural contingencies. 

The pathways of the A. californica ADP-ribosyl cyclase- 
catalysed reactions are nevertheless quite interesting within this 
context. Thus it should be noted that, from a macroscopic point 
of view, an apparently sequential mechanism could be explained 
satisfactorily according to Scheme 1 as a limiting form of the 
partitioning mechanism, provided that k, > К. о. This seems to 
be the case for the Aplysia enzyme. Indeed, although methanolysis 
is much faster than hydrolysis (kc, он/Кн,о © 150), no £-methyl 
GDP-ribose was formed from NGD*, suggesting that methanol 
could not compete with the formation of cGDP-ribose and that 
k, > kyot+Kon,on- Moreover, only in the transformation of 
МММ", where solvolysis is the only possible pathway, was the 
capture of the intermediate by water (step К. ;) measurable 
and this was indeed found to be very slow. The fact that this 
latter step is a slow process in the pathways catalysed by the 
Aplysia enzyme can also be deduced from the increased turnover 
rate triggered by methanol in the solvolysis of cADP-ribose 
and NMN*. Thus in sharp contrast to the CD38/ 
NAD* glycohydrolases [11], because of the magnitude of k, 1t 1s 


Mechanism of ADP-ribosy! cyclase 209 





ADP-ribose 


27 


NM A. cyclic ADP-ribose 


ADP-ribosyl oxocarbenium ion 


Scheme 2 Partitioning of the ADP-ribosyl Intermediate 


The putatve common ADP-ribosyl oxocarbenium юп Intermediate evolves according to two competing pathways (а) An intermolecular reaction between ribosyl C-1^ and water, producing ADP- 
ribosa This route 15 highly disfavoured in the Ap/ysia ADP-nbosyl cyclase (b) An intramolecular reaction between ribosyl C-1’ and N-1 of the adenine nng in the correct orientation to yield 


cADP-ribose This process is disfavoured in the mammalian CD38/NAD* glycohydrolases 


difficult with the Aplysia enzyme to detect the partitioning of the 
ADP-ribosyl intermediate It seems therefore that the trans- 
formation of NAD* into ADP-ribose, only observed at high 
concentrations of ADP-ribosy! cyclase, results from the hy- 
drolysis of cADP-ribose, which is formed first and then 
accumulated rather than being formed from the capture by water 
of the ADP-ribosyl intermediate originating from NAD*. We 
can thus conclude that the Aplysia enzyme catalyses the trans- 
formation of NAD* according to an apparent sequential mech- 
anism and that its NAD* glycohydrolase activity is due in fact 
to a macroscopic succession of ADP-ribosyl cyclase and cADP- 
ribose hydrolase activities. This conclusion is also in agreement 
with the observed sequential release of the reaction products 
nicotinamide and ADP-ribose or cADP-ribose, respectively, in 
the case of CD38/NAD* glycohydrolases [14,16,28] or the 
Aplysia cyclase [32]. 

An interesting mechanistic issue 1s the difference in efficiency 
of the k, and К, o steps in the Aplysia cyclase and CD38/ 
NAD* glycohydrolases. With NAD* as substrate, the turnover 
numbers of the ADP-ribosyl cyclase (present study) and e.g. 
bovine spleen NAD* glycohydrolase [26] are within the same 
order of magnitude and for both classes of enzymes the slow step 
in the formation, respectively, of cADP-ribose and ADP-ribose 
is the formation of the intermediary ADP-ribosyl complex. This 
latter point 1s supported by the observation that the turnover rate 
of both classes of enzymes is much affected by the pK, of the 
leaving pyridine, 1 е by the bond energy of the scissile bond (this 
work and [17]). One would therefore expect that both classes of 
enzymes are equally efficient in the cleavage of the nicotinamide- 
nbose bond and this includes NMN*. The particularly low rate 
of solvolysis of the latter mononucleotide by the cyclase, com- 
pared with the rate of cyclization of NAD* and to its hydrolysis 
catalysed by the CD38/NAD* glycohydrolases, 1s thus instruc- 
tive. It indicates that when there is no possibility of cyclization, 
the turnover rate is dictated by the К o step, which is very low 
for the Aplysia enzyme. The same holds true in the hydrolysis of 
cADP-ribose. in both cases the turnover of the reaction is 
accelerated by methanol. Thus the characteristic of the Aplysia 
enzyme is that its К.о step is much slower than in CD38/ 
NAD* glycohydrolases. Altogether, this means that in the 
CD38/NAD* glycohydrolases the active site accommodates 
water molecule(s), which can react easily with the intermediary 
oxocarbenium to give ADP-ribose and thus efficiently compete 
with the cyclization process, whereas ш the Aplysia ADP-ribosyl 


cyclase, water is mostly excluded from the active site, leaving the 
cyclization to take place. 

In conclusion, the outcome of the reaction catalysed by the 
two classes of enzymes must reflect the partitioning of the inter- 
mediary complex (Scheme 1), where the fast steps are respectively 
the intramolecular cyclization in the Aplysia ADP-ribosyl cyclase 
(К, > kao) and the intermolecular reaction with water in the 
CD38 /NAD* glycohydrolases (К, < Кы). Within the inter- 
mediary complex of the Aplysia enzyme this might be due to a 
more favourable positioning of the N-1 of adenine with regard to 
the oxocarbenium 10n or, more probably, because the capture by 
water is a highly disfavoured process, to a better shielding of this 
latter species from water (Scheme 2). À similar conclusion was 
reached recently by Munshi et al. [33]. Comparison of three- 
dimensional structures of the active sites of these enzymes should 
provide clues along these lines 
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(—)-l-Azafagomine [(3R,4R,5R)-4,5-dihydroxy-3-hydroxy- 
methylhexahydropyridazine; inhibitor 1] is a potent glycosidase 
inhibitor designed to mimic the transition state of a substrate 
undergoing glycoside cleavage. The inhibition of glycosidases by 
inhbitor 1 and analogues has been found to be a relatively slow 
process. This ‘slow inhibition’ process was investigated in the 
inhibition of almond /-glucosidase and yeast isomaltase by 
inhibitor 1 and analogues. Progress-curve experiments estab- 
lished that the time-dependent inhibition of both enzymes by 
inhibitor 1 was a consequence of relatively slow dissociation and 
association of the inhibitor from and to the enzyme, and not a 
result of slow interchanges between protein conformations. 
A number of hydrazine-containing analogues of inhibitor 1 


also inhibited f-glucosidase and isomaltase slowly, while the 
amine isofagomine [(3R,A4R,5 R)-3,4-dihydroxy-5-hydroxymethyl- 
piperidine; inhibitor 5] only inhibited f-glucosidase slowly. 
Inhibitor 1 and related inhibitors were found to leave almond 
f-glucosidase with aimost identical rate constants, so that the 
difference іп К, values depended almost entirely on changes in 
the binding rate constant, $ a The same trend was observed for 
the inhibition of yeast isomaltase by inhibitor 1 and a related 
inhibitor. The values of the rate constants were obtained at 25 °C 
and at pH 6.8. 


Key words: non-steady-state kinetics, rate constants, slow bind- 
ing inhibitors. 





INTRODUCTION 


Glycosidases are crucial in many biological processes, including 
breakdown of edible carbohydrates [1], eukaryotic glycoprotein 
processing [2], and polysaccharide and glycoconjugate anabolism 
and catabolism [3]. Glycosidases are also involved in a variety of 
metabolic disorders and other diseases such as diabetes [4], viral 
attachment [5], bacterial infection [6], and cancer formation [7]. 
Thus potent and selective glycosidase inhibitors have many 
interesting potential applications, such as treatment of AIDS 
[8], diabetes [4] and cancer [9], as well as crop protection. 

Of the many potent glycosidase inhibitors the valieneamine 
derivatives (acarbose) and monosaccharide analogues, with 
^ nitrogen in place of ring oxygen, are the most notable [10]. A 
vigorous debate whether, or to what extent, the various inhibitor 
types are transition-state analogues has taken place [11]. It has 
recently been found that monosaccharide analogues with ni- 
trogen in place of anomeric carbon is a new group of potent 
glycosidase inhibitors [12], in some cases having К, values in the 
nanomolar range. It 1s of interest for future inhibitor design to 
understand how these molecules work, particularly if they 
function as transition-state analogues. 

Slow binding, or slow onset of inhibition, is a widespread 
phenomenon among potent glycosidase inhibitors [10], where the 
inhibition process is relatively slow, occuring over a period of 
minutes and not at diffusion-controlled rates [13]. Rather than 
the subject of detailed study, 1t has often been considered as a 
troublesome complication in the measurement of enzyme m- 
hibition constants. However, a study of slow inhibition may give 
a more detailed insight into the binding mode of potent glyco- 
sidase inhibitors. Thus 1t has been suggested that slow inhibition 
might be caused by the enzyme having two conformational 
states: one that binds the substrate in the ground state, and one 
that binds it in the transition state [13,14]. Transition state-like 
inhibitors bind to the latter form, which is present in small 
amounts, and have to be formed from the other state. The 


slowness of the inhibition is, according to this explanation, 
due to protein conformational changes which require the 
repositioning of a large number of atoms. 

Slow-binding enzyme inhibition has been thoroughly reviewed 
in [13]; since this review a number of studies have appeared 
[15-19]. From the kinetic point of view, three possible 
mechanisms have been considered for the slow inhibition 
phenomena (Scheme 1). Binding between enzyme and inhibitor 
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Scheme 1 Kinetic schemes for three modals of slow Inhibition 
(a) 'Direct binding’ model, (b, e) two ‘conformational change’ models 
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Figure 1 The strucure of the substrate, transition state and product in 
hydrolysis of a #-glucoside and the structures of some glycosidase inhibitors 


may either involve a single step, having slow on and off rates 
(k, [I] and k,, being small, Scheme la); have an initial fast- 
binding step, followed by a slow reversible transformation of EI 
to another entity, EI* (Scheme 1b); or have an initial slow 
interconversion of the enzyme E into another form E*, which 
binds the inhibitor by a fast step. 

In our study of 1-azasugar inhibitors, we noticed that one of 
the inhibitors, 1-azafagomine (inhibitor 1, see Figure 1], exhibited 
a time-dependent inhibition of almond f-glucosidase and 1s0- 
maltase As a study of the slow inhibition process might give 
more insight into the binding mode of inhibitor 1 and analogues, 
we report here an investigation of the slow-inhibiton process of 
the two enzymes by inhibitors 1-5. We report the finding that 
almond f-glucosidase and isomaltase are slowly inhibited by 
compounds 1-5 ın a manner that agrees with the direct-binding 
model (Scheme 1a). 


MATERIALS AND METHODS 
Inhibitors 


Compound (—)-1 was synthesized optically pure from L-xylose 
[20], compounds (+ )-2-4 were synthesized as racemates as 
previously described [21,22], and racemic 5 was synthesized from 
arecoline [23]. All the compounds have previously been found to 
be competitive inhibitors of isomaltase and almond f-glucosidase 
[20,22] 


Substrates 


4-Nitrophenyl-a-pb-glucopyranoside and 4-nitrophenyl-f-p-glu- 
copyranoside were purchased from Sigma. 


Enzymes 

Chromatographically purified sweet almond £-glucosidase (21— 
25 units/mg) was obtained from Sigma SDS/PAGE showed 
essentially pure protein (purity > 9095) as a 67 kDa band. This 
accords with the subunits of the type A isoenzyme, which has a 
molecular mass of 135 kDa [24,25]. Partially purified isomaltase 
(Sigma) was used without further treatment. 


Enzyme kinetics: genera! conditions 


АП reactions were carried out in 0.05 M sodium phosphate 
buffer (pH 6.8) at 25 °C. When -glucosidase was the catalyst, 
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4-nitrophenyl-f-p-glucopyranoside was used as substrate; 
when isomaltase was the catalyst, 4-nitrophenyl-a-p-gluco- 
pyranoside was used as substrate. Formation of the product, 
4-nitrophenol, was measured continually at 400 nm using a 
Milton Roy Genesys 5 spectrometer. 


Measurement of K, 


Measurements were performed in 2 ml solutions with 0.05 M 
buffer. Substrates were added at various concentrations (0.5, 2, 
8 or 16 mM), the enzyme was mixed, and the reaction immediately 
monitored. From experiments (n = 4) with varied substrate 
concentrations, initial reaction rates were calculated as the slope 
of the product absorption versus reaction time. Ко and V... were 
calculated by non-linear regression of the reaction rate versus 
substrate concentration using the graphics program Easy Plot 


Progress curve determinations 


Reactions with inhibitor (compounds 1—3) present were carried 
out with and without preincubation of enzyme and inhibitor. 
Experiments without preincubation were carried out with 2 ml 
solutions (0.05 M buffer) with substrate [S] (4 mM for 4 
nitrophenyl-£-p-glucopyranoside and 2 mM for 4-nitrophenyl- 
a-D-glucopyranoside), and the inhibitor [I] at various concen- 
trations (0.7-14 Kj). The enzyme was mixed, and the reaction 
immediately monitored spectrophotometrically for 8—10 min. 
Experiments with preincubation were carried out with 50 yl 
solutions of inhibitor (10 K), with the enzyme being kept at 
25 °C for 60 min The reaction was started by diluting to 2 ml 
(0.05 M buffer) with substrate solution containing variable 
amounts of inhibitor, so that [I] = K,—20 K, and [S] 24 M or 
16 M. No more than 5% of the substrate was consumed in any 
single run. 


Data treatment 


The progress curves were fitted to eqn. (1), in the form P(t) = 
at + b[exp( — £t) — 1], using the prcgram INRATE in the software 
package Simfit (developed by W. G. Bardsley, University of 
Manchester, U.K.). 


RESULTS 
Observation of slow inhibition 


It was found that inhibitors 1—5 showed a non-instantaneous 
onset of inhibition of A-glucosidase, while inhibitors 1-4 showed 
similar behaviour towards isomaltase. Some representative 
examples of progress curves are shown in Figure 2. 

For f-glucosidase, the slow inhibition was more apparent 
when the enzyme was incubated with the inhibitors 1—5 at 
elevated inhibitor concentrations for a period of 30 min or more. 
When the incubated enzyme and inhibitor were diluted with 
substrate and buffer, the progress curves (examples of which are 
shown in Figures 2C and 2D) were obtained. The time-dependent 
increase 1n reaction rate, resulting from slow release of enzyme 
from inhibitor, is readily recognized. 

For isomaltase, preincubation was not necessary. In fact best 
results were obtained by directly monitoring the progress curve 
without preincubation. 


Kinetics of slow inhihition: models and data analysis 


There are in principle three ways in which a slow-binding 
competitive inhibitor 1 may interact with an enzyme (Scheme 1): 
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Figure 2 Representative examples of progress curves‘ 


(A, B) Solubons of phosphate-butfer (0 05 M, pH 6 8), substrate (4-nltropheny!--o-glucoskde}, 
inhibitor and almond f-glucosidase were mixed to yield a final solution with [S] = 3 9 M and 
variable inhibitor concentrations between 0 35 uM and 4 8 uM (A) or 24 u.M-and 450 uM (B) 


(C, D) Phosphate-buffer (0 05 M, pH 6 8), almond f-glucostdass and Inhibitor ([1] == 65 4M) - 


were preincubated 60 min Phosphate-bufler (0 05 M, pH 6 8), substrate (4-nitrophenyl-/-p- 
glucoside) and, in (D) inhibitor, were added to yreld a final solution with [S] = 39 M and the 
inhibitor concentration shown 


in the direct-binding model (a), the slow step 1s the inhibitor 
binding and release steps, characterized by the rate constants К, 
and k r; in model (b), the inhibitor binds rapidly to the enzyme, 
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forming the complex EI which in turn, by a slow step, undergoes 
a conformational change to the species EI*; and in model (c), 
the slow rate is caused by a slow conformational change of the 
enzyme prior to binding the inhibitor. For model (a) the equations 
describing the time evolution are the simultaneous differential 
equations dP()/dt and dE(r)/dt. Under steady-state conditions, 
with respect to substrate, these are solved in closed form to yield 
the progress curve: 


P(t)  A(1—2a/8)t-- (AC/ Byexp( — At) — 1] (1) 


where, 


A = V, xs/(I--5), s= [S/K,, a= ka x[I/(0 +8), B = «+ Кш, 
C = (ei), 4 —a/B, ei = [EI/[E,] (2) 


Eqn. (1) has, in slightly different notation, been derived previously 
[13]. For model (b), the progress curve for eqn. (1) is also valid, 
but with altered À, « and coefficients: 


А = Vxs/l+s+),a=k,xi/d+st+), = a+k_ і = 
W/K (3) 


Also, model (c) has a progress curve that follows eqn. (1), but the 
А, а and f coefficients are: 


А = Ух (1+5), а = К х Щ/(01+5), P= 
K/A 3] [E ,,/0 3-1]. (4) 


For all the models the intrinsic K, = k,,,/k,,- Thus the progress 
curve data 1s given by the same equation for the three models, but 
they can be distinguished by the dependence of the coefficients on 
the inhibitor concentration. By fitting the data to eqn. (1) we can 
determine, by non-linear regression, the coefficient of the linear 
term, the coefficient of the exponential term, and the apparent 
rate constant д 

Note that the appearance of the progress curve will depend on 
the way the kinetic experiments are carried out. If enzyme and 
sufficient inhibitor are first preincubated, after which substrate 1s 
added to initiate reaction, the term (ei), 15 close to 1, and the 
constant C > 0. As a result the progress curve will be upwards 
concave (Figures 2C and 2D). In contrast, if no preincubation is 
performed, C « 0, and the progress curve will be upwards convex 
(Figures 3A and 3B) 

From eqns (2) and (3) it is seen that for model (a) the apparent 
rate constant is a linear function of the inhibitor concentration, 
having the form: 


B = Ky x AHS) Ka (5) 


From this rectilinear relationship the rate constants k,, and К, 
may be determined. In contrast, from eqn (3) we see that for 
model (b): 


P = ka x MAA +5)K, +10} + ko (6) 


The apparent rate constant 1s a monotonically increasing hy- 
perbolic function of the inhibitor concentration. Finally, it can 
be seen from eqn. 4, that for model (c) д will also be a hyperbolic 
function of [I], but a decreasing one. We may thus expect that a 
study of the apparent rate constant (5), determined from a fit of 
the data to eqn. (1) can provide us with a diagnostic tool allowing 
a distinction between the models and a subsequent calculation of 
the rate constants. 


Progress curve measurement 


As seen earlier, the equations show that itis possible to distinguish 
between the three models (a), (b) and (с) by measuring f as a 
function of [I] For each of the inhibitors 1—5 a set of progress 
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Figure 3 Representative examples of plots of the apparent rate constants 
A ict. eqn. (1)] as a function of inhibitor concentration 


The rate constants K, and K, are obtained from the slope and intercept, respectively, of the 
straight lines fitting the data. (A) Isomaltase inhibited by 1 (B) # glucosidase inhibited by 1 
(C) -glucosidase inhibited by 5 (D) isomaitase inhibited by 2 


curves was determined at different concentrations of inhibitor. 
This was done with (Figures 2C and 2D) and without (Figures 
2A and 2B) a preincubation of the inhibitor with the enzyme 
prior to experiment. If preincubation gave more curved progress 
curves these were used for data extraction; this was the case for 
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Table 1 Dissociation constants and rate constants for Inhibitors of almond 
f-giucosidass and isomaltase at temperature 25 °C and pH 6.8 


The rate constants are the means of parameters of 2—4 weighted Itmear plots of 2 versus [1] 
(as in Figure 3) The wergnts used are determined by the SD of 3 obtained from non-linear 
fitting of the progress data [see eqn (1)] The А аге calculated as К/К. with S D. obtained 
by propagation of errors 


Enzyme inhibitor К (uM) ka (M^ s) ka (57) 
£-Glucosidase 1 033+006 (@3+02)x10° (11-02) x 10? 
f-Glucosidase — (+)-1 072-012 (14+02)x10 (10:501) x10? 
fGlucosxase (+)? 564-6 (150-009) х 102 (84-07) x 103 
f-Glucosdase (+53 128+17 (14504) х1 — (18:04) x 107? 
f-Glucosidass (+) 284-6 (244-05) x 100. (67-01) x 107? 
f-Glucosase — (4-)5 0224006 (73+03)x10 (1.6404) x 103 
Isomaltasa 1 0274+003  (533.:04)x 10 (1434-009) x 107? 
lsornaltase (t2 794-10 234-1 (18-02) x 102 
isomattase (-+}6 58 Nat siow Not slow 





inhibitor 1. For each of the progress curves thus obtained, д 
values were determined. Plots of f versus [I] were made for 
inhibitors 1-5. Typical plots of B versus [I] are shown in Figure 
3, and the rate constants and inhibition constants determined 
from fitting the plots to eqn. (4) are collected in Table 1. 


DISCUSSION 


It ıs clear that the plots of Д versus [I] for the inhibition of /- 
glucosidase or isomaltase show a linear relationship with all the 
inhibitors (Figure 3); there is no indication of a hyperbolic 
relationship. The data therefore exclusively suggest that the 
inhibition of the two enzymes by the inhibitors studied follows 
model (a) (Scheme 1). This is corroborated by the property 
Observed for the progress curves without preincubation (Figures 
2A and 2B): the slope of these curves at ¢ = 0 is independant of 
[I]. If, as 1n model (b), the inhibitor were binding rapidly to the 
enzyme, the initial rate would decrease as the concentration of 
inhibitor increased. This means that the slow steps are the 
binding of the inhibitor to the enzyme and its release, and not a 
conformational change of the enzyme or enzyme-inhibitor 
complex. This seems at first sight extraordinary, because binding 
is commonly believed to take place nearly at diffusion-controlled 
rates, and indeed previous work suggests that most slow- 
inhibition. phenomena are caused by slow conformational 
changes. However, a number of recent studies of slow inhibition 
on other systems also support model (a) [15,16,19], so there is 
reason to believe that this model may be widespread. 

The binding constants k,, and k,,, extracted from the model 
show some remarkable trends (Table 1). First of all, x, is 
remarkably small even for a potent inhibitor like (—)-1. Fur- 
thermore, inhibitors 1—4 are released from almond f-glucosidase 
with approximately the same К. Similarly, 1 and 2 are released 
from isomaltase with the same rate, though К, in this case 1s 
about 10 times smaller than that for -glucosidase. So inhibitors 
of the same overall type, in this case hydrazines, are released 
from either enzyme with a fixed rate, even though their K, values 
differ widely, and this variation is due exclusively to differences 
in the А. A similar property was observed by Hanozet et al. [26] 
for the inhibition of sucrase by acarbose, nojirimycin and 
deoxynojirimycin. Note that inhibitors (—)-1 and (+)-1 also 
have the same K y from #-glucosidase, but differ in k „. This value 
is also expected, since the (--)-1 enantiomer has been found not 
to be an inhibitor [20]. Therefore twice as much racemic 1 as 


optically active 1 ıs required to get the same rates, and the К, 
which is multiplied with [I], will be half that of pure inhibitor. 

It 15, however, also clear that the release rate is not identical for 
all azasugar inhibitors. An inhibitor of different type, isofagomine 
(inhibitor 5), has a 10-fold smaller К, constant than the 
hydrazines, inhibitors 1-4 (Table 1). The inhibition of isomaltase 
by inhibitor 5 is not slow, which means that with a K, value of 
5.8 uM the release constant k,,, must be larger than 10?s^!. It 
is not necessarily much larger, because with а К, value between 
0.1 and 1 s^, the equilibration time will be less than 10-20 s, and 
therefore too fast to observe with the present method. 

The fact that the release constant of the related inhibitors 1-4 
does not vary suggests that the stereochemistry or presence of a 
hydroxyl group does not play a significant role 1n the release of 
the inhibitor from the enzyme. 

Furthermore, the data in Table 1 show that the azasugars bind 
tightly and perhaps 1n a unique orientation with respect to the 
protein, compared to the possible varied orientation of binding 
of simple sugars, which bind with lower affinity [27]. Also the 3- 
hydroxy! group is important and not effectively substituted by an 
amino group; 3-amino-3-deoxy-D-glucose, a relatively strong 
inhibitor compared to glucose [27], is suggested to be oriented 
differently when bound to the enzyme. 
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Interaction of C3b,-IlgG complexes with complement proteins properdin, 
factor B and factor H: implications for amplification 
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Nascent C3b can form ester bonds with various target molecules 
on the cell surface and in the fluid phase. Previously, we showed 
that C3b,-IgG complexes represent the major covalent product 
of C3 activation in serum [Lutz, Stammler, Jelezarova, Nater 
and Späth (1996) Blood 88, 184—193]. In the present report, 
binding of alternative pathway proteins to purified C3b,-IgG 
complexes was studied in the fluid phase by using biotinylated 
IgG for C3b,-IgG generation and avidin-coated plates to capture 
complexes. Up to seven moles of properdin ‘monomer’ bound 
per mole of C3b,-IgG at physiological conditions in the absence 
of any other complement protein. At low properdin/C3b,-IgG 
ratios bivalent binding was preferred. Neither factor H nor 
factor B affected properdin binding. On the other hand, properdin 


strongly stimulated factor B binding. Interactions of all three 
proteins with C3b,-IgG exhibited pH optima. An ionic strength 
optimum was most pronounced for properdin, while factor B 
binding was Jargely independent of the salt concentration. 
C3b,-IgG complexes were powerful precursors of the alternative 
pathway C3 convertase. In the presence of properdin, C3 
convertase generated from C3b,-IgG cleaved about sevenfold 
more C3 than the enzyme generated on C3b. C3b,-IgG complexes 
could therefore maintain the amplification loop of complement 
longer than free C3b. 


Key words: C3 convertase, immunoglobulins, C3. 





INTRODUCTION 


Proteolytic activation of the third component of human comp- 
lement, C3, liberates the anaphylatoxic fragment C3a and 
generates C3b. The reactive thioester within C3b forms a very 
short-lived intermediate which reacts preferentially with hydroxyl 
groups on target molecules and forms ester bonds [1,2]. Much 
effort has been focused on the binding selectivity of C3 with 
respect to the molecular structures in the immediate environment 
of the hydroxyl group [3,4] as well as at higher structural levels 
[4,5]. 

The efficiency of covalent interaction of nascent C3b is low. 
Only approx. 10% of the activated C3b binds covalently to 
target molecules on cells in the near vicinity [1]. The majonty of 
C3b molecules remain in the fluid phase, where they react with 
water or form covalent complexes with serum proteins such as 
C4 or IgG. IgG has a measurable affinity for C3 [6] and can serve 
as a target for covalent attachment of C3b. It has been demon- 
strated that C3b in complex with IgG [7] or C4b [8] 1s partially 
protected from factor I-dependent inactivation, and therefore 
has a longer half-life than free C3b (30-40 min in 294 serum [7] 
or 3-4 min in 20% serum [9]). These properties make C3b- and 
IgG-containing covalent complexes (C3b,-IgG complexes) 
powerful activators of the amplification loop-[7] and efficient 
opsonins that bind simultaneously to C3 and Fc receptors [10]. 
The same complexes may be involved in systemic, excessive 
complement activation which initiates 1nflammation and con- 
tributes to persisting injury In many such cases intravenously 
applied IgG has beneficial effects. High-dose IgG diverts nascent 
C3b from immune complexes to fluid-phase IgG [11,12] by 
forming C3b,-IgG complexes, and stimulates their factor I- 
dependent inactivation [9]. 


Though covalent complexes containing C3b and IgG appear 
to have important functional properties, their architecture and 
bonding is insufficiently understood. Evidence from several 
laboratories suggests that C3b is ester-bonded exclusively to IgG 
heavy chain [13-17], and within the heavy chain to the СНІ 
domain [15,17]. Some of these complexes contain not one, but 
two C3b molecules [9,16], most likely in the form of C3b- 
C3b-IgG complexes. The ester-linkage between the two C3b 
molecules is not arranged at random, but probably occurs 
between the 65 kDa fragments of «СЗ molecules This type of 
bonding maintains the sequential arrangement during inac- 
tivation of the complexes. The dimeric orgamzation of the 
inactivated C3b molecules may increase their affinity for binding 
to complement receptor, CR3. A detailed analysis of the proper- 
ties of these complexes was hampered by the fact that complement 
activation generates a whole series of complexes containing C3b, 
C4b and IgG The major C3b,-IgG complex observed in serum, 
the C3b,-IgG complex, can also be generated in vitro from C3b 
and IgG [16], and we have designed a new protocol to purify it 
In the present paper, we address the functional properties of 
purified C3b,-IgG complexes, and study their interaction with 
the proteins of the alternative pathway in order to establish their 
potential involvement in persistent complement amplification 


EXPERIMENTAL 
Materials 


As whole human IgG we used Sandoglobulin® (manufactured 
by the Central Laboratory, Blood Transfusion Service, Bern, 
Switzerland). Sephadex, Na!“ I, and Bolton and Hunter Reagent 
{N-succinimidyl-3-(4-hydroxy, SFI] iodophenyl) propionate} 
were from Amersham Pharmacia Biotech; factor B, properdin, 





Abbreviations used HABA, 2-(4'-hydroxybenzeneazo)benzoic acid, HSA, human serum albumin, IgG®, biotinylated IgG, VBS, veronal-butfered 


saline, GVBS, VBS containing 0.1% gelatin 
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and factor D, from Calbiochem—Novabiochem (San Diego, 
CA, U.S.A.) Complement C3 was isolated from fresh plasma 
as described elsewhere [9,18], and was deprived of inactivated 
C3 before use [19]. 


C3b,—lgG’ complexes 


Biotinylation of IgG was performed according to manufacturer’s 
instructions. Briefly, 500 mg of whole human IgG in 50 mM 
bicarbonate buffer (pH 85) and 20mg of sulfo-N-hydroxy- 
succinimidobiotin (Pierce, Rockford, IL, U.S.A.) were incubated 
at room temperature for 45 min with rotation. The reaction was 
stopped by dilution with cold bicarbonate buffer. Free sulfo-N- 
hydroxysuccinimidobiotin was removed by ultrafiltration in 
Vivaspin 15 (cut-off 100 kDa; Vivascience, Westford, MA, 
U.S.A.), and IgG? was concentrated to approx 80 mg/ml. 

C3b,-IgG? complexes were generated from 6 mg of СЗ and 
400 mg of biotinylated IgG (IgG?), using trypsin to activate C3 
[7,16]. Free IgG? was removed by ion-exchange chromatography 
on QAE Sephadex A-50. The sample was dialysed and loaded to 
a QAE Sephadex column (2.5 cm x 7 cm), equilibrated in 20 mM 
Tris, 140 mM NaCl, pH 8.3 (30 ml/h, 4°C) After washing, the 
bound material was eluted with a stepwise gradient using 
160 mM, 180 mM and 200 mM NaCl in starting buffer. C3b,— 
IgG? eluted at 180 mM NaCl, as judged by SDS/PAGE. Most 
of the free C3b was removed on a Sephacryl S 300 HR column 
(1.6 cm x 60 cm, FPLC) equilibrated with veronal-buffered saline 
(VBS), pH 7.4, containing 0.04 95 sodium azide (18 ml/h, room 
temperature). Fractions corresponding to C3b,-IgG? complexes 
were dialysed and finally purified on MonoQ HR 5/5 (FPLC) 
using a stepwise NaCl gradient from 100 mM to 1 M NaCl in 
20mM Tris (pH 7.8). Purified C3b,-IgG? complexes were 
dialysed against VBS and stored at 4 °C. 

The degree of biotinylation of IgG was determined by the 2- 
(4’-hydroxybenzeneazo)benzoic acid (HABA) method [20] using 
several different IgG? concentrations and a mean value was 
taken. The average molecular mass of IgG was considered to be 
160 kDa. The apparent degree of biotinylation of IgG was 4—5 
moles of biotin per mole of IgG. Using this number, and the 
determined biotin concentration in the C3b,-IgG? preparation, 
the C3b,-IgG? concentration was calculated. 


Protein lodination 


Factor H, C3 and monoclonal antibody H206 were labelled by 
the chloramine-T procedure as previously described [21]. Pro- 
perdin and factor B were labelled by the milder Bolton and 
Hunter method. Dimethyl formamide was evaporated from 
Bolton and Hunter Reagent under nitrogen. Protein, in 10 mM 
phosphate buffer (pH 8), 50 mM NaCl, was added and incubated 
for 30 minat room temperature with gentle shaking. The reaction 
was stopped by 0.1 M ethanolamine, and the labelled protein was 
purified on Sephadex G-25 in PBS (pH 7.4). Specific activity 
was 0.5x 10* c.p.m./ug for properdin and 3.8 x 108 c.p.m./ug 
for factor B. Labelled proteins were stored in aliquots at — 20 °C 
and used within two weeks. Prior to use, radioiodinated proteins 
were dialysed and centrifuged for 3 min at 14000 g to remove 
any aggregated material. 


Radiolmmune assay 


Deglycosylated avidin (neutro-avidin; Fluka) or C3b were co- 
valently coupled at 20 ug/ml to Chemobond® microtitre plates 
as described before [22]. Prior to use, the plates were blocked 
with 150 ul/well of blocking solution [20 mg/ml of IgG, 10 mg/ 
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ml of human serum albumin (HSA) in VBS, pH 7.4] for I h at 
room temperature, and washed with 300 ul/well of suitable 
buffer. 

Purified C3b,-IgG? complexes in VBS (pH 7.4) were mixed 
with the !**I-Jabelled protein in the presence of 10 mg/ml of 
HSA in a total volume of 180 4l. The samples were incubated for 
2 h at 37 °C, and then loaded in triplicate on the neutro-avidin- 
coated plates (50 ul/well). The plates were incubated for 2 h at 
room temperature and washed three times with 300 ul/well of 
VBS (pH 7.4). Bound radioactivity in each well was determined. 

Factor B binding was studied in the presence of 3 mM MgCl, 
and, where indicated, in the presence of 7 8 ug/ml of properdin. 

Properdin molar concentration was calculated with respect to 
the monomer. 

To study the ionic strength dependence of the binding, samples 
were prepared in different final NaCl concentrations 1n veronal 
buffer (pH 7 4), and corresponding buffers were used for all 
subsequent steps. The pH dependence of the binding was assayed 
in a buffer containing 1.25 mM glycine, 1.25 mM Mes, 1.25 mM 
Hepes and 1.25 mM Tris, which was brought to different pH 
values by the addition of HCl or NaOH [23]. This buffer mixture 
has a constant ionic strength over the whole pH interval and was 
supplemented with 150 mM NaCl. All incubations and washings 
were performed with buffer of the corresponding pH. 

In the controls, C3b,-IgG? complexes were replaced by IgG? 
at the same molar concentration Radioactivity bound to those 
wells was subtracted from the corresponding data with com- 
plexes. It was 3—5 % of that in the equivalent samples and was 
dependent solely on the amount of radioactive protein. 

The biotin-binding capacity of the plate was determined by 
incubating with an excess of IgG? under the same assay con- 
ditions. The biotin content of the solution before and after 
incubation was measured by the HABA method [20]. There were 
109+60 pM of biotin bound per well (mean from four in- 
dependent measurements). The biotin content of C3b,-IgG? at 
the highest concentration used (12 ug/ml) was approx. 5.6 pM 
per well, 1.e. 20-fold lower. Therefore it was assumed that most 
of the C3b,- IgG? complexes were trapped on the plate. 


Detection of C3b.-1gG^ or C3b on the plate 


C3b,-IgG? was incubated at 0.05—0.6 ug/well (1.93—23.2 nM) in 
VBS, pH 7.0, on a neutro-avidin plate overnight at room 
temperature. C3b was covalently coupled to a Chemobond® 
plate at 0.035—0.42 ug/well (3 86—46.4 nM). The plates were 
blocked with 20 mg/ml of human IgG in VBS, containing 0.1% 
gelatine, pH 7.0 (GVBS), and incubated with 0.03 ug/well 
(3.75 nM) of 37°I-labelled H206 for 2 h at room temperature in 
the same buffer. The plates were washed three times with GVBS 
containing 0.0495 Tween 20 and cut to determine bound 
radioactivity. 


C3 convertase activity 


C3b,-IgG? and C3b plates were prepared and blocked with 
human IgG as described above. C3 convertase generation was 
carried out in GVBS, pH 7.0, contaimung 3 mM MgCl, for 
30 min at 37°C (50 ul/well). Factor B was used at 50 ug/ml, 
factor D at 0.5 ug/ml, and properdin, where indicated, was 
added at a final concentration of 5 ug/ml. The plates were 
washed three times with GVBS containing 0.04 9 Tween 20 and 
20 ng/well of *5I-labelled C3 (11 x 10* c.p.m./ug) was added for 
30 min at 37 °C. In one series of wells C3 cleavage was performed 
in the presence of 0.5 M. N-acetyl-L-tyrosine (Fluka) and aliquots 
from those samples were taken for SDS/PAGE prior to plate 
washing. The plates were washed three times with GVBS 
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containing 0.04% Tween 20, and bound radioactivity was 
determined. Control wells were treated in exactly the same way 
except that convertase generation was omitted. The deposition 
of 1*]-labelled C3 to those wells was subtracted from the 
corresponding data. 


SDS/PAGE 


SDS/PAGE was performed according to a modified Neville gel 
system using 5% or 7% separating gels [24]. Gels were stained 
with Coomassie Brilliant Blue R250 and scanned on a laser 
densitometer (Molecular Dynamics, Sunnyvale, CA, U.S.A.). 
The amount of protein was quantified using the Image Quant 


program. 


Protein concentration 


Protein concentration was determined spectrophotometrically 
using the following A’*,,, ,..,° 9.7 for СЗ and C3b, 14.1 for 
IgG, 17.8 for properdin, 12.7 for factor B, and 13.1 for factor H 
Molecular masses were taken as follows: 190 kDa and 181 kDa 
for C3 and C3b, respectively; 53 kDa for properdin monomer, 
150 kDa for factor H; 93 kDa for factor B; and 518 kDa for 
C3b,-IgG. 


RESULTS 


Assay system for studying the binding of AP proteins to C3b,-1gG 
complexes 


An assay system based on the biotin-avidin interaction was 
developed for the purpose of this study. C3b,-IgG complexes 
were generated from IgG? and purified to yield a preparation 
containing only traces of C3b (Figure 1, lane 1). After reduction 
the C3b,-IgG? complex appeared on the gel as а characteristic 
pattern of several bands including @’-a’-heavy chain, д, heavy 
chain and light chain (Figure 1, lane 3). The preparation 
contained no detectable amount of IgG? (Figure 1, lane 1), which 
at this acrylamide concentration 1$ well separated from C3b 
(Figure 1, lanes 2 and 4). The presence of a’ and а-о’ bands in 


Reduction 
C3b.-lgG —> 


C3b . 
IgG —* 


HC ——> 





Figure 1 SDS/PAGE of purified C3b,1gG* complexes 


СЗЬ,-068 complexes were boiled in sample buffer for 3 min, alkylated, and run on 5% gels 
(lanes 1 and 3) C3b (lane 4) and 106° (lane 2) were prepared reduced and non-reduced, and 
mixed after alkylation Note that IgG light cham migrates together with the tracking dye (TD) 
HC, heavy chain 
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H206 bound (ng/well) 
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C3b concentration (nM) 


Figure 2 Immobilization of C3b,-1g8* or C3b 


Increasing concentrabons of C3b,4gG® (1 93-232 nM, MI) or C3b (386—464 nM, ©) 
were Immobilized on an avidin or a Chemobond® plate respectively Note that the same number 
of C3b molecules per well was used for coating The plates were incubated with 'l-labelled 
monclonal antibody H206 for 2h at 37 °C and the bound radioactivity was determined 
C3b,-lgGP concentration 15 expressed as C3b residues Data are given as means + S D 
from triplicates. 


the reduced complexes (Figure 1, lane 3) indicates the existence 
of free C3b and traces of C3b-C3b dimers in the preparation. 
Their amount was quantified from densitometric scans and was 
not more than 20% of the total protein. | 

The use of biotinylated complexes for binding studies has the - 
advantage that protein-protein interactions occurred in solution 
rather than with immobilized ligand Once equilibrium was. 
reached, the C3b,-IgG? complexes were captured on the avidin ^ 
plate together with any other protein that specifically interacted 
with them. We chose to label the IgG portion of the C3b,-IgG 
complexes for several reasons. IgG has been successfully 
biotinylated without any loss of functional activity [25], while C3 
has proved difficult in this respect [26]. The IgG portion of the 
complexes was not expected to take part in the interaction with 
the complement proteins, whilst the C3b moieties had to be in 
close-to-native state. In addition, the traces of C3b and C3b-C3b 
dimers in the C3b,-IgG? preparation could not bind to the plate, 
and thus interaction of the labelled ligand with them could not 
contribute to bound radioactivity. 

A monoclonal anti-C3 antibody (H206) directed to the C- 
terminal 43-kDa portion of СЗ [27] was used to verify capture of 
C3b,-IgG? complexes on the avidin plate and to determine the 
relative concentration of C3b moieties on the C3b,-IgG?/avidin 
and on the C3b plate ‘**I-labelled H206 binding increased with 
the C3b,-IgG concentration (Figure 2). The same result was 
obtained when C3b,-IgG? complexes were incubated with the 
antibody in solution and then captured to the plate (results not 
shown). H206 binding to covalently immobilized C3b showed a 
different pattern, but revealed a similar number of C3b molecules 
per well at the corresponding concentrations 


Binding of properdin to C3b,-1gG complexes 


Binding of labelled properdin was indistinguishable from that of 
the unlabelled one at 0.25-10 ng/ml (results not shown). Pro- 
perdin bound to C3b,-IgG complexes in the absence of any other 
complement protein. The degree of binding was dependent on 
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Figure З Concentration dependence of properdin binding to C3b,-ig&' 
complexes 


‘Si tabelled properdin was incubated with C3b,-igG® complexes at increasing molar excess as 
described in the Experimental section. The molar concentration of properdin was calculated for 
monomer Binding for 965 nM (O), 193 nM (CI) and 23 2 nM (A) C3b,-lgG* 15 shown 
as means 3- SD from at least triplicates of several independent experiments, 


the concentration of both reacting species Up to seven moles of 
properdin *monomer' bound per mole of C3b,-IgG complex, 
provided that a large enough excess of properdin was available 
(Figure 3). This extent of binding corresponds to one tetramer 
and one trimer bound per C3b,-IgG complex. On the other 
hand, at lower properdin/C3b,-IgG ratios, 2-4 moles of pro- 
perdin were bound per complex, suggesting that properdin 
oligomers reacted monovalently or bivalently depending on the 
availability of binding sites. In addition, the binding curves at 
higher concentrations of complexes showed higher stoichiometry 
of interaction at the same molar ratio of reacting species. At 10- 
fold molar excess of properdin, the number of bound properdin 
monomers increased from 1.4 to 2.7 per mole of C3b,-IgG (see 
different curves in Figure 3). Although such behaviour is in 
accordance with the general predictions of the mass law, it 1s 
possible that preferential binding of a particular properdin 
oligomer contributes to the effect. Factor B (83 ug/ml) and 
factor H (117 ug/ml) had no effect on properdin binding, the 
differences in both cases being within one S D. 


Binding of factors B and H 


The same assay system was utilized to investigate the interaction 
between C3b,-IgG? complexes and factors B and H. Binding of 
factor B to C3b,-IgG? complexes in the absence of properdin 
was not detectable within the concentration range tested (up to 
290 nM; Figure 4). Addition of 147 nM properdin resulted in 
binding of up to 025 M of factor B per mole of C3b,-IgG 
complex The amount of bound factor B was low, but specific, 
since addition of factor D during incubation diminished bound 
radioactivity by approx. 40 95, which roughly corresponds to the 
portion of the released Ba fragment (results not shown). 
Factor H binding was also relatively low and a high excess 
of it was required to obtain significant binding. Therefore 
concentration dependence was not performed. However, it is 
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Figure 4 Binding of factor B to C3b,-1gG? complexes 


125 Jabelled factor B (10—290 nM) was incubated with 1 93 nM C3b,-19G? complexes without 
properdin (1) or In the presence of 147 nM propardin (Bl) in VBS (pH 7 4), containing 3 mM 
Mg2* Results are from tnplicates and are given as means +S 0 


worth mentioning that of all three proteins, factor B showed the 
lowest binding in the absence of a stabilizer such as properdin 


lonic strength and pH dependence 


To further characterize the functional properties of C3b,-IgG 
complexes, the ionic strength and pH dependence of their 
interaction with properdin, factor B and factor H was investigated 
under conditions giving optimal binding for each individual 
protein. Interaction with properdin was performed at concen- 
trations corresponding to the steep part of the binding curve 
(Figure 3). For factors B and Н, 1 93 nM C3b,-IgG complexes 
were used in order to obtain high molar excess of the ligands. 
Binding of properdin and factor H exhibited a clear maximum at 
110 mM and 60 mM NaCl respectively (Figure 5A). Factor В 
binding did not show a clear peak, but maximal values were 
approx. 120 mM NaCl and were within one S.D. in the range 
between 60 and 170 mM NaCl. 

As the pronounced optimum of properdin and factor H 
binding to. C3b,-IgG complexes appeared rather unexpected, 
when compared to their binding to C3b [28], care was taken to 
exclude potential errors. Substitution of IgG? in controls (see the 
Experimental section) with biotinylated HSA had no effect on 


‘the type of the curves. Another potential source of error was 


poor solubility and/or aggregation of properdin, factor' B and : 
factor H during incubation at low ionic strength. To address this 
issue, the proteins were incubated for 30 min at 37°C at the 
corresponding salt concentration in the absence of C3b,-IgG 
complexes and centrifuged for 30 min at 14000 g to separate any 
pelletable material. The radioactivity in the pellet was negligible 
except for properdin at low ionic strength. A comparison of 
bound /total to bound/soluble properdin showed that the impact 
on the binding curve was minimal. The decreased binding was 
therefore not due to poor solubility (Figure 5B). 

The pH dependence of the interactions was studied at physio- 
logical salt concentration in the range between pH 4.5 and pH 
8.5. A pH optimum of 5.5, 6 and 6.5 was observed for factor B, 
properdin and factor H respectively (Figure 6). 
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Figure 5 Effect of ionic strength on the Interaction of C3b,1g@° complexes 
with the alternative pathway proteins 


(А) lonic strength dependence Binding of properdin (4) was studied at 965 nM C3b,496° 
and 147 nM properdin For the binding of factors B (L3, 473 nM) and H (A, 147 nM) а 
concentration of 193 nM C3b,-1gG* was chosen Binding of factor B was performed in the 
presence of 3 mM MgCl, and 147 nM properdin Results are expressed as means + 5 D from 
at least triplicates (B) Impact of solubility on the binding of properdin Bound properdin is 
expressed as percent of total (Ф) or as percent of soluble properdin (О) 


C3b,-lgG complexes as precursors of a СЗ convertase 


In view of the possible role of C3b,-IgG complexes in maintaining 
the amplification loop, it was of interest to verify their ability to 
generate C3 convertase in comparison with C3b. C3b was 
covalently coupled to Chemobond® plates and C3b,-IgG? com- 
plexes were immobilized on neutro-avidin plates as described in 
the Experimental section. The coupling concentrations were 
chosen to be equal with respect to the C3b moieties. As revealed 
by monoclonal antibody H206 binding, there were similar 
numbers of C3b sites on both plates (Figure 2). Convertase 
activity was determined by the amount of !**I-labelled nascent 
C3b which was deposited to the plate. The specificity of СЗ 
cleavage was verified by measuring the release of !?5[-C3b to the 
fluid phase after incubation in the presence of N-acetyl-tyrosine 
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Figure 6 pH dependence of the interaction of C3b,-1g6* complexes with 
properdin and factors B and H 


The concentration of C3b,-1gG? was 1 93 nM Binding of factor В was performed in the 
presence of 3 mM MgC, and 147 nM properdin Laballed properdin (Ф), factor В ([7]) and 
factor Н (A) were 29, 473 and 147 nM respectively Results are given as means + 5 0 from 
at least tnplicates | 
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Figure 7 Comparison of СЗ convertases generated from C3b or C3h,-1g6" 


Complexes (squares) were immobillzed on а neutro-avidin plate at 1 93 to 232 nM C3b plate 
(circles) was prepared as descnbed in the Expenmental section using 3 86—46 4 nM C3b 
Convertase was assambled by Incubation with 538 nM factor B and 21 nM factor D in GVBS 
(pH 7 0), containing 3 mM Mg?* (30 min at 37 °C) Properdin (94 nM) was added, where 
indicated (filled symbols) After washing, convertase activity was determined by the cleavage 
of "labelled СЗ (21 nM, 30 min/room temperature) C3b,-19G* molar concentrabon was 
multiplied by two in order to compare the same number of C3b molecules Data are 
means d-S D from inplicates. 


(results not shown). In the absence of properdin, convertase 
activity on the C3b plate was measurable, but very low (Figure 
7) Cleavage of !"I-labelled C3b on the C3b,-IgG plate was 
considerably higher and showed a clear dose response. Addition 
of 5 ug/ml of properdin resulted in a general stimulation of 
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convertase activity, but the absolute effect on !*5]-C3b cleavage 
was much higher in C3b,-IgG plate. Thus convertase 
activity was 4—11-fold higher on the C3b,-IgG plate over the 
entire concentration range tested. 


DISCUSSION 


In the physiological concentration range (2-15 ug/ml) properdin 
bound to C3b,-IgG in a dose-dependent manner (Figure 3). The 
binding of seven properdin monomers to one molecule of 
C3b,-IgG can be explained as the simultaneous binding of one 
trimer and one tetramer. Evidently, both C3b portions of the 
complex, each having one binding site for properdin [29], retained 
their binding capacity. Therefore the C3b,-IgG complex as a 
whole can bind properdin bivalently. Since properdin oligomers 
are believed to possess significant flexibility [30], bivalent binding 
would be possible. Indeed, at low properdin/C3b,-IgG ratios 
bivalency was favoured (Figure 4, sigmoidal curve). A bivalent 
contact would increase the avidity of interaction significantly, 
thus offering partial protection from inactivation already at low 
properdin concentration. Jt has been shown that properdin 
tetramers and trimers had higher affinities for C3b-coated 
particles than dimers [31], but the role of the different oligomers 
has yet to be clarified. Higher oligomers may geometrically better 
suit a bivalent interaction. While C3b clusters can be formed 
only at the cell surface, C3b,-IgG complexes have the potential 
to bind properdin bivalently and support alternative pathway 
activation even ш the fluid phase. 

The effect of factor B and of factor H on properdin binding 
was studied at a properdin concentration corresponding to the 
steep part of the curve (Figure 4), where binding is most sensitive 
to modulation. Factor B and factor H did not affect properdin 
binding to C3b,-IgG at all. In contrast, interaction of proper- 
din with C3b bound to zymosan was augmented by factor B and 
inhibited in the presence of factor H [28]. This discrepancy may 
originate from different methods used to detect bound protein. 
Since we studied binding to the complexes ш the fluid phase, no 
ligand could be entrapped by carrier material. More importantly, 
properdin strongly stimulated binding of factor B to C3b,-IgG 
complexes (Figure 4). The same result was demonstrated for 
solid-phase immune complexes, which bound properdin in the 
absence of factor B [32]. Factor B is known to have a very low 
affinity even for zymosan-bound C3b, the К, being ın the order 
of 0.65 uM [28] to 24M [33]. These observations strongly 
question the sequence of events during alternative pathway 
convertase generation. Binding of factor B to C3b or C3b,-IgG 
complexes is likely to be rather inefficient under physiological 
conditions and may require the presence of properdin. Moreover, 
properdin secretion by peripheral blood T cells, monocytes and 
neutrophils in response to inflammatory agents would result 1n 
elevated local levels of properdin, and would lead to transient 
amplification in sites of inflammation [34]. 

Interaction of properdin and factor H with C3b,-IgG com- 
plexes in solution showed optima at 110 and 60 mM NaCl 
respectively. Binding of these proteins to C3b has been studied 
earlier using C3b bound to activating surfaces, like erythrocytes 
[35], zymosan [28], and microtitre plates [23]. Binding under 
those conditions did not show optima, but was favoured at low 
ionic strength with a sharp decrease towards physiological salt 
concentration, suggesting primarily ionic interactions. We think 
that this discrepancy originates from studying fluid-phase inter- 
actions as compared with interactions with solid supports, of 
which some were even highly charged. The lack of a well-defined 
ionic strength maximum of factor B binding to C3b,-IgG is in 
good agreement with the proposed primarily hydrophobic nature 
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of its interaction with C3b [36]. Maximal binding was found at 
pH 6 for properdin, 6.5 for factor H and 5.5 for factor B. In the 
interval between pH 6 and 7, where optimum of binding to 
C3b,-IgG complexes was achieved, ionization of histidine 
residues is known to occur. Other groups have also indicated the 
importance of histidine residues for the interaction between 
factors H, I and C3b [23]. None of the proteins studied showed 
a pH optimum in the physiological range. Such a shift may 
contribute to the inherent regulation of the amplification loop. 
Whether the difference has structural reasons or originates from 
studying fluid-phase rather than solid-phase interactions, has to 
be further investigated. 

C3b,-IgG complexes served as precursors for C3 convertase 
generation and were considerably more efficient than C3b alone 
(Figure 7). This property can explain the correlation of comp- 
lement activity in serum with the amount of C3b,-IgG generated 
[9]. The presence of two C3b moreties within this complex did not 
perturb the substrate specificity of the subsequently generated 
convertase, although covalent C3b dimers were implicated in the 
C5 convertase [37]. On the other hand, recent work reported 
the ability of monomeric C3b to generate C5 convertase [38]. The 
specificity of the convertase, therefore, does not originate only 
from the structure of the enzyme, but has a more complex 
ground. 

Our results altogether strengthen the conviction that properdin 
stabilizes C3b,-IgG complexes before any other complement 
protein has bound to them and that, in general, the alternative 
pathway of convertase generation may depend on whether pro- 
perdin is bound to its precursor, a C3b or a C3b,-IgG complex. 
Since C3b,-IgG complexes can bind properdin oligomers 
bivalently, they are far more potent activators of the alternative 
pathway than nascent C3b. 
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Epidermal growth factor regulation of glutathione S-transferase 
gene expression in the rat is medlated by class Pi glutathione 


S-transferase enhancer | 
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Using chloramphenicol acetyltransferase assays we showed that 
epidermal growth factor (EGF), transforming growth factor a 
(TGFa), and 3,3’,4,4’,5-pentachlorobipheny] (PenCB) induce 
class Pi glutathione S-transferase (GSTP1) in primary cultured 
rat liver parenchymal cells. GSTP1 enhancer I (GPEI), which is 
required for the stimulation of GSTP1 expression by PenCB, 
also mediates EGF and TGFa stimulation of GSTP1 gene 
expression However, hepatocyte growth factor and insulin did 
not stimulate GPElI-mediated gene expression On the other 
hand, the antioxidant reagents butylhydroxyanisole and t-butyl- 
hydroquinone, stimulated GPEI-mediated gene expression, but 


the level of GSTP1 mRNA was not elevated. Our observations 
suggest that EGF and TGFa induce GSTP1 by the same 
signal transduction pathway as PenCB. Since the sequence of 
GPEI is similar to that of the antioxidant responsive element 
(ARE), some factors which bind to ARE might play a role in 
GPEI-mediated gene expression. 


Key words: antioxidant responsive element, coplanar poly- 
chlorinated biphenyl, chloramphenicol acetyltransferase assay, 
primary culture, transfection. 





INTRODUCTION 


Glutathione S-transferase is one of the Phase II detoxifying 
enzymes involved in the defense mechanism against xenobiotics 
[1,2]. Class Pi glutathione S-transferase (GSTP1), which 1s latent 
in normal rat liver, is a marker enzyme for pre-neoplastic hepatic 
foci and hepatocarcinomas [3,4]. Previously, we showed that 
GSTP1 was specifically induced in primary cultured rat liver 
parenchymal cells by 3,3’,4,4’,5-pentachlorobiphenyl (PenCB) 
[5], one of the most toxic coplanar polychlorinated biphenyl 
congeners [6,7]. 

Coplanar polychlorinated biphenyl congeners and related 
compounds (e.g. 2,3,7,8-tetrachlorodibenzo-p-dioxin) are dioxin- 
related compounds (dioxins), which exhibit various kinds of 
toxicity, such as hepatocarcinogenicity [6—8] and teratogenicity 
[9,10]. Recently, these compounds were recognized as disruptors 
of the endocrine system [11,12]. We have been interested in 
clarifying the signal transduction pathways which may play roles 
in the common mechanisms involved in the induction of various 
toxicities by dioxins A well known mechanism for gene ex- 
pression induced by dioxins involves an aryl hydrocarbon 
receptor (AhR)-mediated pathway [13,14]. Dioxins taken up by 
cells bind to AhR (a member of the per AhR nuclear translocator 
Sim homology region family of ligand-dependent transactivating 
factors), and the ligand-receptor complex translocates into the 
nucleus and associates with AhR nuclear translocator factor 
(another member of the per AhR nuclear translocator Sim 
homology region family). The resulting heterodimer acts on a 
specific region, termed the xenobiotic-responsive element, in the 
5'-flanking sequences of cytochrome P450 1A1, glutathione S- 


transferase A2 subunit and some other Phase II enzyme genes, 
causing their expression [15]. However, since the 5’-flanking 
sequence of the GSTP/ gene does not contain an xenobiotic- 
responsive element [16,17], AhR may not act directly as a 
transactivating factor for GSTP/ gene expression. As PenCB is 
difficult to metabolize [18], its metabolite probably does not 
stimulate gene expression. It seems that PenCB itself stimulates 
some gene expression, and this gene product stimulates GST P1 
gene expression. We expected to find a novel signal transduction 
pathway activated by dioxins, and by identifying 1ts components, 
to reveal the mechanism for the induction of GSTPI. 
Previously we have shown PenCB- and epidermal growth 
factor (EGF)-induced expression of GSTP1 mRNA in primary 
cultured rat liver parenchymal cells [19]. It was expected that 
PenCB and EGF induce СЅТРІ by a common mechanism. 
Using a chloramphenicol acetyltransferase (CAT) assay we 
identified an enhancer element, termed GSTPI1 enhancer І 
(ОРЕЛ), ш a 5'-upstream region which is required for GSTPI 
induction ın rat liver parenchymal cells by PenCB [20]. The 
region 1s located 2.5 kb upstream of the transcription initiation 
site of the GSTPI gene, and was originally identified as the 
element necessary for GSTPI expression in hepatocarcinoma 
cells [21,22]. GPEI contains a dyad of PMA-responsive element 
(TRE)-like elements palindromically oriented with a 3 bp interval 
[21,23]. This TRE-like sequence has recently been recognized to 
be similar to the antioxidant responsive element (ARE) consensus 
or nuclear factor erythroid 2 consensus which is required for 
gene expression in response to antioxidant reagents such as 
butylhydroxyanisole (BHA) and f-butylhydroquinone (t-BHQ) 
[24—26]. We determined whether GPEI is required for GSTPI 


Abbreviations used АҺА, aryl hydrocarbon receptor, ARE, antioxidant responsive element, BHA, butylhydroxyanisole; t-BHQ, t-butylhydroquinone, 
CAT, chloramphenicol acetyltransferase, EGF, epidermal growth factor, f-Gal, Escherichia col: f-galactosidase, GPEI, class Pi glutathione S- 
transferase enhancer |, GPEls, 38 bp core sequence of GPEI: GSTP1, rat class Pi glutathione S-transferase; HGF, hepatocyte growth factor, MAP, 
mitogen-activated protein, NQO1, NAD(P}H quinone oxidoreductase 1, Nrf2, nuclear factor erythroid 2-related factor 2, PenCB, 3,3'4,4/,5- 
pentachlorobiphenyl, TGFa, transforming growth factor-a, TRE, PMA-responsive element, XRE, xenobiotic-responsive element 
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induction by EGF, other growth factors and antioxidant re- 
agents, and report here that EGF and transforming growth factor 
æ (TGFa) stimulate GPEI-mediated gene expression. 


MATERIALS AND METHODS 
Chemicals 


GPEI/A-56kCAT plasmid, its synthetic fragment and mutants, 
and pGP5 were prepared as described previously in [21,23]. 
Vector pSVAGAL and TransFast® transfection reagent were 
purchased from Promega; mouse EGF and acetyl coenzyme A 
were from Wako Pure Chemicals (Tokyo, Japan); recombinant 
human hepatocyte growth factor (HGF) was from Becton 
Dickinson (Bedford, MA, U.S.A.), rat TGFa was from 
Calbiochem; insulin, BHA, dexamethasone, and cell culture 
media were from Sigma; t-BHQ was from Aldrich (Milwaukee, 
WI, U.S.A.); fetal bovine serum was from Life Technologies; 
1-deoxy[dichloroacetyl-1-*C]chloramphenicol was from 
Amersham International; and f-galactosidase reporter gene 
assay kit was from Boehringer Mannheim. 


Preparation of monolayer cultures of rat [ver parenchymal cells 


Cell culture was performed essentially as described in [19]. Liver 
parenchymal cells were isolated from the liver of male Wistar rats 
by digestion with collagenase. Cells (2.5 x 10%) in 3 ml of modified 
Willams medium E (pH 7.4), containing 10mM sodium 
pyruvate, 100 units/ml penicilin, 100 ng/ml streptomycin, 
0.25 ug/ml amphotericin B, 25 mM Hepes/NaOH buffer, | nM 
insulin, 100 nM dexamethasone, and 10% (v/v) fetal bovine 
serum, were plated in collagen-coated 60 mm plates. After the 
cells had been cultured for 4 h at 37 °C in air/CO, (19:1, v/v), 


(8) GPEI 


+89 bp 
GPEI/A -58КСАТ [ӨРЕП] 120 
0 р GAT coding gene 
oL Kai HH 
sa ep A Pe — 


ӘРЕІ8/Д -56КСАТ (triplet mutant) [TPM5] 38 bp AE 1—4 


GPEle/A-56kKCAT (wild type) [WT] 


GPEls/A-56kCAT(T(+1)-*G) [TG] 


(b) 
TCATGAA G 
AGTACTT 
{ ET 


5'- CAAAAGTAG TCAGTCA CTA TGATTCAG CAACAAAACCC -3' 
GTTTTCATC AGTCAGT GAT АСТААОТС GTTGTTTTGGG 
E i 


x 
LJ 
——— : TRE-hke sequence 


Figure 1 Structures of GPE] and @PEIs—CAT fusion plasmid constructs 


(a) Structures of the constructs used for transfechons. The abbreviations іп the square brackets 
show the plasmid DNA species used for the results shown in Figure 4 (b) Structures of СРЕЗ 
and its synthetic mutants [21] The TRE-like sequence ts Indicated by horizontal arrows The 
positions of nucleotides іп the ТВЕ-1ке sequence are numbered in accordance with Angel et 
al. [48]. The single point-mutated nucleotide is indicated by a vertical arrow ТРМ5 Is the mutant 
in which the nucleotides as a consecutiva tnplet are changed to non-complementary ones 
(A C, G +T) The ТРМ5 sequence is shown above the wild-type sequence The positions 
of nucleotides different from those of the consensus TRE are indicated by X 
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the medium was changed to serum-free Williams medium E, 
containing | nM insulin, 100 nM dexamethasone, and 0.1 ug/ml 
aprotinin, and the cells were then incubated for 20 h. 


Construction of reporter gene plasmids 


CAT fusion plasmids were constructed by the method of Sakai 
et al. [23]. GPEI fragments, a synthetic 38 bp fragment of the 
GPEI core, and its mutants were linked to A-56kCAT (an 
enhancer-negative plasmid that contains a GC box and a TATA 
box) by the method of Okuda et al. [21]. The structures of 
GPEI/A-56kCAT, GPEIs/A-56kCAT and its mutants are illus- 
trated in Figure 1. pSVAGAL includes the SV40 promoter and 
enhancer [27] and lacZ [Escherichia coli B-galactosidase (f-Gal)] 
as a reporter gene. 


DNA transfection and treatment with growth factors and 
antioxidant reagents 


Plasmid transfections of monolayer cultures of rat liver paren- 
chymal cells were performed by the lipofection method [28—30]. 
Cells were washed with 3 ml of Williams medium E without fetal 
bovine serum before lipofection. The plasmids were then trans- 
fected into the cells with 1 ml of Williams medium E without 
fetal bovine serum and 24 ul of TransFast reagent рег 60 mm 
plate. CAT plasmids (6 ug) were transfected into the cells with 
2 ug of pSV EGAL. After the cells were incubated for 1 h at 37 °С 
in air/CO, (19: D, 2ml of serum-free Williams medium E, 
containing 10 mM sodium pyruvate, 100 units/ml penicillin, 
100 ng/ml streptomycin, 0.25 ug/ml amphotericin B, 25 mM 
Hepes/NaOH buffer, 1 nM insulin, 0.1 ug/ml aprotinin, and 
6 mM nicotinamide was added. Cells were treated with growth 
factors, BHA, t-BHQ or PenCB (which were added to the 
medium at the indicated concentrations as described in [19]), and 
incubated for an additional 36 h 

Cells were harvested by scraping in PBS. Cell extracts were 
prepared by four cycles of freeze-thawing in 0.25 M Tris/HCl 
(pH 7.5), and their protein concentrations were determined by 
the procedure of Bradford [31]. 


Reporter gene assay 


For CAT assays [32], the extracts were heated at 65°C for 
10 min, and the precipitates were removed by centrifugation at 
15000 е for 5 min. The reaction mixtures (final volume 125 ul), 
containing cell extract, 210 mM Tris/HCl (pH 7.5), 11 kBq of l- 
deoxy[*C]chloramphenicol [33] and 80 nmol of acetyl-CoA, were 
incubated at 37 ?C for 2h. Reactions were terminated by the 
addition of 1 ml of cold ethyl acetate. The product (3-acetyl-1- 
deoxychloramphenicol) and unreacted substrate were extracted 
with ethyl acetate. After evaporation of the ethyl acetate, the 
residue was dissolved in 20 д1 of ethyl acetate, and chromato- 
graphed on a thin layer plate (LK6D; Whatman, Maidstone, 
Kent, U.K.) with chloroform/methanol (94:6, v/v). The radio- 
activity of product and substrate was analysed using a Fuji BAS 
2000 system (Fuji Photo, Tokyo, Japan). CAT activity was 
expressed as the ratio of radioactivity of the product to the total 
radioactivity. We usually use £-Gal activity to standardize CAT 
activity; however, the expression of plasmids that we used as 
controls previously [20] was stimulated in cultured liver paren- 
chymal cells by treatment with EGF. Therefore CAT activity was 
standardized with protein concentration of the cell extract. 

f-Gal activity in the cell extracts was measured as described 
previously [20]. 
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Figure 2 Induction of GSTP1 mRNA by PenCB, antioxidant reagents and 
growth factors 


Rat liver parenchymal cells were treated with PenCB (100 nM), BHA (60 4M), -ВНО (60 uM), 
EGF (10 ng/ml), or TGFx (10 ng/ml) for 36 h after being cultured for 25 ћ. GSTP1 and 
glyceraldehyde-3-phosphate dehydrogenase mRNA levels in the cells were determined by 
Northern-biot analysis. The lanes were loaded with 20 ug of RNA from the cells treated as 
follows: 1, control; 2, PenCB (100 nM); 3, BHA (60 4M): 4, -BHQ (60 uM; 5, EGF 
(10 ng/mh; 6, TGFx (10 ng/ml). The positions of 28 S, 18 S, and 5 S ribosomal RNA are 
indicated at the right. 


RNA preparation and Northern-blot analysis 


When the level of GSTPI mRNA induced in primary cultured 
rat liver parenchymal cells by a growth factor, BHA. t-BHQ, or 
PenCB was determined, untransfected cells were cultured in the 
presence of the inducing agent in the same manner as transfected 
cells. After the cells had been treated with the agent for 36 h, 
total RNA was extracted from the cells as described by 
Chomezynski and Sacchi [34]. А 20 ле portion of RNA was 
separated on а formaldehyde/1.2°. agarose gel containing 
0.02", ethidium bromide. After RNA was separated on the gel, 
the positions of ribosomal RNAs were visualized by UV il- 
lumination. The separated RNA was transferred to a nylon 
membrane (Amersham), and the membrane was incubated with 
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а GSTPI cDNA probe, which is an EcoRI—Sa/l fragment of 
pGPS [35], as described in [19,36]. The membrane was 
rehybridized with glyceraldehyde-3-phosphate dehydrogenase 
probe [19]. Radioactive bands on the membrane were detected by 
autoradiography. 


RESULTS 


Primary cultured rat liver parenchymal cells were treated 
with PenCB (100 nM), ВНА (60 4M), t-BHQ (60 4M), EGF 
(10 ng/ml), or TGFx (10 ng/ml; a ligand of the EGF receptor) 
for 36h, and the relative amounts of GSTPI mRNA were 
determined by Northern blotting (Figure 2). Expression of 
GSTP! mRNA was stimulated in the cells treated with EGF or 
TGFx. as well as with PenCB. However, it was not stimulated in 
the cells treated with BHA or t-BHQ. 

We found previously that the expression of à CAT plasmid 
containing the —2.9 kb upstream region of the GSTP1 gene was 
stimulated in rat liver parenchymal cells by EGF as well as bv 
PenCB [20]. Since this stimulation of CAT gene expression 
by PenCB was dependent on the GPEI element, we determined 
whether expression of the GPEI/A-56kCAT plasmid (120 bp 


treated with EGF (Figure 3a). and the extent of the increase 
caused by EGF was similar to that caused by PenCB (1.52-fold) 
(results not shown). This is consistent with the similarity in the 
levels of СЅТРІ mRNA after treatment with EGF or PenCB. 
EGF probably stimulates GPEI-mediated gene expression, 
suggesting that GPEI is required for the increase in GSTP1 
expression caused by EGF. 

To examine this possibility, CAT activities were determined in 
cells transfected with GPEIs/A-S6kCAT plasmid [Figure 1. 
GPEI core (38 bp) conjugated to A-56kCAT plasmid] after 
treatment with EGF or TGFa (Figure 3b). CAT expression was 
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Figure 3 Effect of growth factors on the expression of CAT in primary cultured rat liver parenchymal cells transfected with GPEI or GPEIs (WT)-CAT 


construct 


(a) Efect of EGF on the celis transfected with GPEI-CAT construct. Rat liver parenchymal cells were transfected with 6 sg of GPEI-CAT construct on each 60 mm plate, then treated with 10 пол! 
of EGF for 36 h. CAT activity was assayed and standardized with protein concentration in the celi extract. Each value is the mean + S.E.M. for five separate experiments. Open bars show the CAT 
activity of the cells without EGF treatment (control: stippled bars show that of the cells treated with EGF. The activity in the cells without EGF treatment (control) is represented as 100. (В) Effect 
of the concentration of EGF and TGFx on the cells transfected with GPEIs—CAT construct. Rat liver parenchymai celis were transfected with 6 wg of GPEIS-CAT construct on each 60 mm plate, 
then treated with EGF or TGFa for 36 h, CAT activity was assayed and standardized as above. Each value is the mean- S.E.M. for five separate experiments. The activity in the cells withou! 


à growth factor treatment (control! is represented as 100. "P < 001 compared with contro: 
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Figure 4 Effect of EGF and TGFx on the expression of CAT in primary 
cultured rat liver parenchymal cells transfected with wild-type GPEls ог 
mutant GPEIs—CAT constructs 


Rat liver parenchymal cells were transfected with 6 zg of CAT construct on each 60 mm plate, 
then treated with PenCB, EGF, or ТОР for 36 h. The structures and abbreviated names of the 
plasmid constructs are shown in Figure 1. Each value is the mean + S.E.M. for five separate 
experiments. The activity in the ceils transfected with wild-type GPEls plasmid (WT) without 
growth factor treatment is represented as 100. "P < 0.01 compared with control. 


stimulated in cells treated with EGF at concentrations of 10 and 
30 ng/ml; TGFa also stimulated CAT expression in a dose- 
dependent manner at the same concentrations. At 30 ng/ml, 
TGFx stimulated CAT expression approx. 4-fold. In cells treated 
with 10 ng/ml EGF, CAT activity was the same as in cells 
treated with 100 nM PenCB (Figure 4, WT). The optimum 
concentration of EGF or TGFa for stimulating DNA synthesis 
in cultured liver parenchymal cells is 10-30 ng/ml, but 100 nM 
PenCB was not effective in this regard (results not shown). 

These results show that the induction of GSTPI in rat liver 
cells by EGF and TGFa is mediated by the GPEI enhancer 
element core. To confirm this, CAT assays were performed after 
treatment of cells with EGF (10 ng/ml) or TGFa (30 ng/ml), 
which had been transfected with the mutant plasmids of GPEIs/ 
A-S56kCAT (termed T ^ С and TPMS), which have a single 
point mutation in the downstream TRE-like sequence of GPEI 
and three consecutive point mutations in the upstream TRE-like 
sequence respectively (Figure 1). As shown in Figure 4, while 
CAT expression was stimulated by both EGF and TGFza in the 
cells transfected with the GPEIs/A-56kCAT (wild-type) plasmid, 
in the cells transfected with the T ^ G mutant plasmid CAT 
expression was not stimulated by either growth factor. However, 
in the cells transfected with the TPMS5 mutant plasmid CAT 
expression was slightly stimulated. 

CAT activities were also determined in rat liver parenchymal 
cells transfected with. GPEIs/A-S6kCAT (wild-type) plasmid 
and treated with HGF (20 ng/ml), which stimulates DNA 
synthesis in liver parenchymal cells [37], or with insulin (100 nM). 
CAT expression was stimulated tn the cells transfected with 
GPEIs/A-56kCAT after treatment with TGF, but not in those 
treated with HGF or insulin (Figure 5), indicating that GPEI- 
mediated gene expression is caused specifically by EGF and 
related ligands. 

To examine the responsiveness of GPEI to antioxidant 
reagents, CAT activities were determined in rat liver cells 
transfected with GPEIS/A-56kCAT (wild-type) plasmid or its 
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Figure 5 Effect of growth factors on the expression of CAT in primary 
cultured rat liver parenchymal cells transfected with wild-type GPEIs—CAT 
construct 


Rat liver parenchymal cells were transfected with 6 ug of wild-type GPEIs-CAT construct on 
each 60 mm plate, then treated with a growth factor for 36 h. Each value is the mean + S.E.M. 
for five separate experiments. The activity in the cells without growth factor treatment (control) 
is represented as 100. “P « 0.05 compared with control. 


mutant plasmids (T — С, TPM5) and treated with BHA (60 4M) 
or t-BHQ (60 aM). At 60 4M of t-BHQ, GPEI-mediated gene 
expression. was stimulated in. HepG2 cells [26]. As shown in 
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Figure 6 Effect of antioxidant reagents on the expression of CAT in 
primary cultured rat liver parenchymal cells transfected with wild-type 
GPEIs or mutant GPEIs—CAT constructs 


Rat liver parenchymal celis were transfected with 6 ag of CAT construct on each 60 mm plate, 
then treated with BHA or BHO for 36 h. The structures and abbreviated names of the plasmid 
constructs are shown in Figure 1. Each value is the meant SEM. for four separate 
experiments. Open bars show the CAT activity of the cells without antioxidant treatment 
(control); stippled bars of the celis treated with BHA (60 44M); shaded bars of the cells treated 
with ЕВНО (60 4M). The activity in the cells transfected with wild-type GPEls plasmid 
(WT) without antioxidant treatment is represented as 100. “P< 0.05, “P < 0.01, compared 
with control. 
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Figure 6, CAT expression was also stimulated by both BHA and 
t-BHQ in rat liver cells transfected with GPEIs/A-56kCAT 
(wild-type) plasmid. The expression was stimulated more by 


— t-BHQ than by BHA. In the cells transfected with the T > G 


mutant plasmid CAT expression was not stimulated by either 
antioxidant, but in the cells transfected with the TPM5 mutant 
plasmid CAT expression was slightly stimulated by both anti- 
oxidant reagents. This was similar to the results with EGF and 
TGFa. 


DISCUSSION 


We demonstrated that EGF and TGFa stimulate GPEI-mediated 
gene expression in primary cultured rat liver parenchymal cells, 
indicating that GPEI, an ARE-like enhancer element, is required 
for the stimulation of GSTP1 expression by EGF or TGFa. 
The GPEI enhancer element is located 2.5 kb upstream of the 
initiation site of the GSTP1 gene. Both EGF and TGFa (a прапа 
of the EGF receptor) activate the tyrosine kinase of the EGF 


ГА receptor for potentiating signal transduction pathways, e.g. the 


MAP (mitogen-activated protem) kinase cascade [38]. GPEI- 
mediated gene expression might be stimulated by EGF through 
these signal transduction pathways. 

We showed previously that the GPEI element is required for 
PenCB-induced expression of the GSTP! gene in liver paren- 
chymal cells [20], as it is for GSTPI expression in hepato- 
carcinoma. Since GPEI-mediated gene expression was stimulated 
by both EGF and PenCB, it is possible that PenCB mimics the 
effect of EGF by activating the same signal transduction pathway 
as EGF, resulting in the stimulation of the expression of the 
GSTPI gene. It is well known that EGF activates c-Jun, a 
transcription factor which binds to TRE as a heterodimer with c- 
Fos, through the phosphorylation of c-Jun by MAP kinases [39]. 
Previously, we showed that in cultured liver parenchymal cells 
phosphorylation of c-Jun was stimulated by PenCB or EGF 
treatment [40]. However, we have not clarified whether this 
stimulation by PenCB depends on stress-activated protein kinase, 
c-Jun N-terminal kinase, or other protein kinases. Activation of 


- the ARE-protein complex by Phase II enzyme inducers 1s also 


regulated by signal transducing kinase cascades [2]. It has been 
reported that the extracellular signal-regulated protein kinase 2 
kinase pathway 1s involved in the ARE-mediated induction of 
Phase II detoxifying enzymes by t-BHQ [41]. The signal trans- 
duction pathway for phosphorylating c-Jun through MAP 
kinases and related kinases seems to be the common pathway for 
stimulating GSTP1 expression by PenCB and EGF. c-Jun has 
been shown to regulate the expression of genes containing an 
ARE in co-ordination with transcription factors such as nuclear 
factor erythroid 2-related factor 2 (Nrf2) and c-Fos [42]. In 
particular, Itoh et al. reported that Nrf2 is essential for the 
expression of some Phase II..drug-metabolizing enzymes con- 
taining an ARE [25]. Venugopal and Jaiswal [43] also showed 
that Nrf2 acts on the ARE of the human NAD(P)H: quinone 
oxidoreductase 1 (NQOT) gene along with some factors The 
human and rat NQO1 promoters have two AREs which are 
classed as ' ARE enhancers found in inverted-repeat orientation’ 
^ [44]. The sequence of the GPE] is similar to those of the NQOI 
promoters However, there are two nücleotide differences be- 
tween the prototype ARE (5’-GTGACNNNGC-3’) [45] and the 
GPE] (S'-ATGATTCAGC-3). The transcription factors such as 
c-Jun and Nrf2 may also contribute to GPEI-mediated gene 
expression by EGF, but it 1s. not understood how GSTPI 
gene expression mediated by the GPEI element is regulated by 
EGF and PenCB, although the transcription factors involved in 


the expression of ARE-containing genes (e.g. NQO1) stimulated 
by xenobiotics have been examined extensively. 

We have shown that the influence of EGF or TGFa on 
the expression of the CAT gene in the cells transfected with the 
mutant GPEIs/A-S6kCAT plasmids was different from that of 
PenCB. While PenCB did not stimulate CAT activity in cells 
transfected with either of the mutant GPEIs plasmids, T ^ G 
and TPM5, EGF and TGFa did not stimulate CAT activity in 
the cells transfected with the T —^ G mutant plasmid, but did 
stimulate the activity a little in cells transfected with the TPM5 
mutant plasmid. Since the single point mutation (T ^ С) is 
located in the downstream TRE-like sequence of GPEI, EGF 
seems to stimulate the expression of GSTP1 via the downstream 
TRE-like sequence, while both TRE-like sequences are required 
for the stimulation of GSTP1 expression by PenCB. In GPEI, the 
downstream TRE-like sequence is very close to a perfect TRE, 
but the upstream half-site is an imperfect TRE [22,44]. Both 
TRE-like sequences are required for full activity of GPEI; the 
downstream sequence is essential for GSTP1 expression. There- 
fore the T —^ G mutant plasmid 1s probably not responsive. On 
the other hand, the TPM5 mutant plasmid may be responsive to 
c-Jun because the downstream TRE-like sequence becomes a 
typical TRE. c-Jun might mediate the slightly stimulated CAT 
expression in the cells transfected with the TPM5 mutant plasmid 

Since HGF or insulin did not stimulate GPEI-mediated CAT 
expression, EGF appears to be a growth factor which specifically 
effects the expression of genes containing a GPEI. We showed 
that EGF has the potential to activate the expression of the gene 
containing an ARE-like element as well as a TRE in its S’- 
flanking sequence. Crosstalk between signal transduction path- 
ways activated by EGF and an ARE might occur in liver 
parenchymal cells. 

BHA and t-BHQ stimulated GPEI-mediated CAT expression. 
The effect of BHA or t-BHQ on CAT expression 1n the cells 
transfected with the GPEIs/A-S6kCAT (wild-type) plasmid and 
its mutant plasmids was similar to that of EGF or TGFa. GPEI 
seems to be responsive to BHA or t-BHQ as well as to EGF. 
However, the level of GSTP1 mRNA was not elevated in the cells 
treated with BHA or t-BHQ. An additional pathway other than 
GPEI-mediated regulation may be required for elevation of 
GSTP1 mRNA levels by PenCB and EGF; however, BHA and 
t-BHQ seem to be unable to activate this additional pathway. 
For example, a silencer element is located in the 5’-flanking 
region of the СЅТРІ gene [21], and PenCB and EGF possibly 
abolish the effect of the silencer. Sherratt et al. showed that 
GSTP1 was induced in the livers of rats fed а diet containing 
0.75% BHA for 14 days [46]. The expression of СЅТРІ in rat 
liver could have been caused by a longer exposure to BHA than 
18 the case in primary cultured liver cells. 

As mentioned above, Nrf2 1s thought to interact with c-Jun or 
the transcriptional factor, Maf [25], for the expression of ARE- 
containing genes. Recently, Nrf2 was shown to be located in the 
cytoplasm, associated with Keapl factor which possibly binds to 
actin. This complex is translocated into the nucleus 1n response 
to the pro-oxidant, diethylmaleate, resulting in the expression of 
ARE-containing Phase Ц drug-metabolizing enzymes [47]. We 
have already shown that a signal transduction pathway including 
a protein kinase cascade 1s activated by PenCB as well as EGF 
for phosphorylating c-Jun [40]. Although the contribution of 
Nrf2 to the expression of the GSTP! gene is unclear, a signal 
transduction pathway activated by EGF or PenCB could activate 
the Nrf2/Keapl system to induce the expression of GSTP1 and 
related ARE-containing genes Further studies are required to 
elucidate the mechanism by which the expression of GPEI or 
ARE-containing genes is regulated by EGF and PenCB. 
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Physiological concentrations of low-density lipoprotein (LDL) 
sensitize blood platelets to a-thrombin- and collagen-induced 
secretion, and after prolonged contact trigger secretion inde- 
pendent of other agonists. Here we report that LDL activates the 
small GTPases Rapl and Ral but not Ras, as assessed by specific 
precipitation of the GTP-bound enzymes. In unstirred 
suspensions, the inhibitor SB203580 blocks Rapl activation by 
60—70 95, suggesting activation via p38 mitogen-activated protein 
kinase and a second, unidentified route. Inhibitors of cyclo- 
oxygenase (indomethacin) and the thromboxane A, (TxA,) 
receptor (SQ30741) induce complete inhibition, indicating that 


Rap! activation is the result of TxA, formation. Stirring reveals 
a second, TxA,-independent Карі activation, which correlates 
quantitatively with a slow induction of dense granule secretion. 
Both pathways are unaffected by inhibitors of ligand binding to 
integrin imf, The results suggest that Rapl and Ral, but not 
Ras, may take part in signalling routes initiated by LDL that 
initially enhance the sensitivity of platelets to other agonists and 
later trigger LDL-dependent secretion. 


Key words: GTP, lipid oxidation, lipoproteins, thrombocyte, 
thromboxane. 





INTRODUCTION 


Physiological concentrations of low-density lipoprotein (LDL) 
increase the sensitivity of human platelets to agonist stimulation 
[1-4], but during 0-30 min contact with platelets LDL is not an 
independent inducer of shape change [4,5] and aggregation 
[3,4,6]. There 1s little insight into the mechanisms which respond 
to LDL. LDL receptors on platelets differ from the classical 
LDL receptors on hepatocytes, lymphocytes and fibroblasts [7]. 
Binding depends critically on intact lysine residues in LDL, 
suggesting that the protein moiety bears the signal-inducing 
elements [8]. Among the signalling steps activated by LDL are 
phosphoinositide turnover [3,5], Ca** mobilization [3,9], protein 
kinase C [5,10] and a,,,f,-mediated outside-in signalling [10]. 
Concurrently, thromboxane A, (TxA,) ıs formed, reflecting 
activation of cytosolic phospholipase A, (cPLA,) [2,5,11]. In- 
hibition of this pathway reveals both TxA,-dependent and 
TxA,-independent sensitization by LDL [2]. During prolonged 
contact (2—4 h), LDL becomes an independent secretion-inducing 
agonist triggering release of dense granule contents independent 
of TxA, formation [11]. 

Human platelets contain several low-molecular-mass GTPases 
of the Ras family which are activated during stimulation [12-14]. 
These GTPases cycle between an active GTP-bound form and 
an inactive GDP-bound state, via reactions controlled by 
exchange factors and GTPase-activating proteins. Карі is 
abundantly expressed in platelets and accounts for 0.1 % of total 


platelet protein. It is approx. 5095 homologous to Ras, with the 
strongest similarity within the core effector domain. Rapl is 
expressed as two isoforms, Кар1А and Rap1B, which are 95% 
identical and differ predominantly in the C-terminal part. Human 
platelets contain predominantly the Rap1B isoform. In platelets 
stimulated by a-thrombin, collagen and platelet activating factor, 
Rapl is activated within seconds, which critically depends on an 
increase in cytosolic Ca** [14]. Platelet inhibition by prostacyclin 
inactivates Rapl. Thus activation and inactivation of Rapl 
closely follow the activation state of the platelet, suggesting that 
Rapl contributes to the signalling mechanisms that control 
platelet functions. 

The Ras-hke GTPase Ral also exists as two isotypes, RalA and 
RalB [15]. It 1s strongly expressed in platelets, testes and brain 
[16—18]. In platelets, Ral and Карі are activated through similar 
pathways[12]. The small GTPase Ras is also activated in platelets, 
but this activation requires high concentrations of a-thrombin 
and TxA, analogue [12,13]. 

In the present study we investigated whether Ras, Rapl and 
Ral were affected by LDL which would make them possible 
intermediates in the pathways that increase the sensitivity of 
platelets for secretion-inducing agonists, and after prolonged 
contact, make LDL an independent secretagogue. The active 
GTP-bound state of these GTPases was identified using 
activation-specific probes, based on the differential affinity of the 
GDP- and GTP-bound forms of the GTPases for their respective 
downstream effector molecules. 


Abbreviations used BAPTA/AM, bis-(o-aminophenoxy)ethane-N,N,N'",N"-tetra-acetic acid tetrakis(acetoxymethyl ester), cPLA» cytosolic phospho- 
lipase A,, ERK2, extracellular-signal-regulated protein kinase 2, LDL, low-density lipoprotein, LPA, 1-oleoyl-.-a-lysophosphatidic acid; MAPK, mitogen- 


activated protein kinase, TxA,, thromboxane A, 
1 These authors contributed equally to this work 


2 To whom correspondence should be addressed (e-mail J W N Akkerman@lab azu nl) 
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MATERIALS AND METHODS 
Materlals 


Radiolabelled [5,6,8,9,11,12,14,15-*H]arachidonic acid (specific 
radioactivity 5 5-8 5 TBq/mmol) and 5-hydroxy [side chain-2- 
MC]tryptamine creatinine sulphate ([[“С] 5-hydroxytryptamine; 
specific activity 1.85 GBg/mmol) were from Amersham In- 
ternational. Silicagel 60 was from Merck, Darmstadt, Germany. 
RalA antibody was from Transduction Laboratories, Lexington, 
KY, U.S.A.; antibody 4-4B-3C against cPLA, and antibody C14 
against extracellular-signal-regulated protein kinase 2 (ERK2), 
were from Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A., 
and total- and dual-phosphorylated mitogen-activated protein 
kinase (p38™4?®) antibodies were from New England Biolabs, 
Beverly, MA, U.S.A. The antibodies against Rapl, Ras and 
RaplB were prepared 1n our own laboratory. 5,8,11,14-Eico- 
satetraynoic acid, human a-thrombin, indomethacin and 1- 
oleoyl-L-a-lysophosphatidic acid (LPA) were from Sigma. The 
inhibitor of the LPA receptor, N-palmitoyl-L-serine-phosphoric 
acid was from Biomol, Plymouth Meeting, PA, U.S.A. Iloprost 
was from Behring, Berlin, Germany; bisindolylmaleimide I was 
from Boehringer Mannheim, demineralized BSA was from 
Organon Teknika, Eppelheim, Germany; and bis-(o-amino- 
phenoxy)ethane-N,N,N’,N’-tetra-acetic acid tetrakis(acetoxy- 
methyl ester) (BAPTA/AM) was from Calbiochem (La Jolla, 
CA, U.S.A ). Fibrinogen-derived peptide GRGDS was kindly 
provided by Dr Н M. Verhey, department of Biochemistry, 
University of Utrecht SQ30741 was from Bristol-Myers-Squibb 
(Maarssen, The Netherlands), and SB203580 was from Alexis 
Corporation (San Diego, CA, U.S.A) The cDNA encoding 
Rap1B was a gift of Dr Veronique Pizon (Paris, France), and 
2,2’-azobis(2-amidinopropane) dihydrochloride was a kind gift 
of Dr Wolfgang Sattler, Karl-Franzens University, Graz, Austria. 


LDL isolation, lysine modification and oxidation 


Fresh non-frozen plasma from four healthy subjects each con- 
taining less than 100 mg lipoprotein(a)/] was pooled and LDL 
(density range 1.019—1.063 Кр Л) was isolated [10,19]. To prevent 
lipid modification and bacterial contamination, 0 25 mM PMSF, 
0.2 mM thimerosal, 2 mM NaN, and 4 mM EDTA (final concen- 
trations) were present during the first centrifugation. A control 
purification was carried out in the absence of thimerosal, which, 
ifnot fully removed, might contribute to the activating properties 
of LDL Subsequent centrifugations were carried out in the 
absence of additives except for NaN, and EDTA; a final dialysis 
was done without these inhibitors Further details have been 
described ın [10,11]. The concentrations of LDL were expressed 
as g of apo B100 protein/l. 

For modification of apo B100 lysines [20], LDL (20 g of apo 
B100/1) in 0.15 M NaCl, 0.01% EDTA, was diluted with 0.3 M 
sodium borate buffer, pH 8.0 (2:1, v/v). Potasstum cyanate 
(20 mg/mg of apo B100) was added and the mixture was 
incubated for 2 h at 35 °C. Excess reagent was removed by two 
dialysis steps against 0.15 M NaC], 0.01% EDTA (pH 7.0), for 
12 h at 4 °С. LDL was oxidized with CuCl, [21] or 2,2'-azobis(2- 
amidinopropane) dihydrochlonde [22] Mildly oxidized LDL 
was prepared by incubation of 20 g/l of LDL with 100 uM 
CuCl, or 10 mM 2,2'-azobis(2-amidinopropane)dihydrochloride 
(2 h, 37 °С); oxidized LDL was prepared by incubation of the 
same amount of LDL with 7504M CuCl, or 25 mM 2,2’- 
azobis(2-amidinopropane)dihydrochlonde (16h, 37°C). Data 
for thiobarbituric acid-reactive substances for mildly oxidized 
LDL were 1.62+0.25, for oxidized LDL 5.28 +3.34, and for 
native LDL 0.07+0.04 nmol/mg of apo B100 respectively. 
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Platelet isolation 


Freshly drawn venous blood from healthy volunteers was col- 
lected with 1nformed consent into 0.1 vol. of 130 mM trisodium 
citrate. Platelet-rich plasma was prepared by centrifugation 
(200 g for 15 min at 22 °C) Gel-filtered platelets were isolated by 
gel filtration through Sepharose 2B equilibrated in Ca**-free 
Tyrode’s buffer and adjusted to 2x10" platelets/l. Platelet 
suspensions were incubated with LDL or «-thrombin (control) at 
37 °C without or with stirring (900 rev./min), as indicated. 


Measurement of active GTPases and expression of recombinant 
GST—Rap1B 


GTP-bound Rapl was precipitated from gel-filtered platelets 
lysed 1n Ral buffer [12] with the GST-tagged Rap-binding domain 
of RalGDS bound to GSH~agarose beads (Sigma). GTP-bound 
Ral was precipitated with GST-tagged Ral-binding domain of 
RLIP76 [12] Activated Ras was precipitated from platelets lysed 
in Ral buffer with GST-tagged Ras-binding domain of Rafi [23]. 
The GTPases were identified by Western blotting with the 
appropriate antibodies [14]. To account for donor variation, 
different concentrations of recombinant GST-RaplB were 
applied to PAGE and analysed densitometrically using Image- 
Quant software A linear correlation was obtained between the 
amount of GST—Rap1B and densitometric intensities up to 7500 
arbitrary units (results not shown), subsequent analysis was 
within this range. The cDNA encoding Rap1B was inserted into 
the pGEX-4T3 vector by restriction with Smal and Notl 
GST-RaplB was expressed in Escherichia coli AD202 after 
induction with isopropyl f-p-thiogalactoside. After lysis of the 
bacteria, GST—RapIB was bound to GSH-agarose beads and 
washed extensively. Protein concentrations were estimated by 
SDS/PAGE and Coomassie staining, with BSA as a standard. 


Phosphorylation of cPLA,, ERK2 and рза“? 


cPLA, phosphorylation [24] and ERK2 phosphorylation were 
measured by mobility shifts on SDS/PAGE, which accompanies 
phosphorylation of these proteins. Platelets were incubated with 
LDL, and samples were withdrawn and centrifuged (30 s, 9000 g). 
Pellets were suspended in Laemmli sample buffer, sheared 
through a needle, heated (5 min, 100 °C) and stored at —20 °C 
until analysis [24]. The running buffer for electrophoresis of 
cPLA, was pH 8.3, and for ERK2, pH 8.8. After separation, 
proteins were transferred to PVDF membranes by electro- 
blotting. cPLA, was detected using the mouse monoclonal 
antibody 44B-3C, and ERK2 using the rabbit polyclonal anti- 
body C14. Phosphorylated and total р38 х^?“ were measured [24] 
using phosphoplus p38"^** (Thr!#°/Tyr'*) or anti-p38*4?* 
antibody for detection For quantitative determinations, the 
density of the bands was analysed using ImageQuant software 
[24]. 


Analysis of [*Hjarachidonate release 


Platelet-rich plasma was labelled with 0.01 «М [*H]arachidonic 
acid for 60 min at 37 °C and incubated in the presence of 30 uM 
5,8,11,14 eicosatetraynoic acid to prevent metabolism of released 
arachidonate [24] Lipids were extracted according to Bligh and 
Dyer [25]. For separation of phospholipids, phosphatidic acid 
and free arachidonic acid, the mixture was chromatographed on 
Silica gel 60 at 22°C. Spots were visualized with phos- 
phomolybdic acid and the radioactivity measured. Release 
of arachidonic acid was expressed as percentage free [*H]- 
arachidonate compared to total radioactivity. 


Measurement of dense granule secretion 


Platelet-rich plasma was incubated with 1 uM [4 C]5-hydroxy- 
tryptamine for 30 min at 37°C followed by gel filtration. At 
different times, samples were collected in formaldehyde, centn- 
fuged, and the supernatant was analysed for [!*C]5-hydroxy- 
tryptamine. Data were expressed as percentage of maximal 
secretion, as defined in [11]. 


Patients 


Three unrelated patients with Glanzmann’s thrombo-asthenia 
(designated Patient 1, 2 and 3) were studied and have been 
described in [10] The patientshad a prolonged Sumplate bleeding 
time (> 30 min; normal values < 8 min). Patient 1 suffered from 
a thrombocytopenia (72000 platelets/ul), and showed a faint 
signal for ал, and f, after two-dimensional electrophoresis of 
platelet-membrane lysates with subsequent silverstaining, as well 
as in lysates of 7**J-labelled platelets analysed by autoradio- 
graphy. On FACS, the mean fluorescence of f-expressing cells 
was 0.3% of that observed with normal platelets. Platelet 
fibrinogen was normal. Platelets from Patient 2 and Patient 3 
were 0.7 and 0.2% a,,,f,-positive respectively. 


Presentatlon of data 


Data are expressed as means S.D. for the given number of 
observations n, and were analysed with the Student's t test for 
unpaired observations. Differences were considered significant at 
P < 0.05. 


RESULTS 
LDL activates the small GTPase Вар1 In human platelets 


Unstirred platelet suspensions were incubated with LDL (1.2 g/l) 
or a-thrombin (0.1 units/ml) and GTP-bound Rapl was pre- 
cipitated with GST-RalGDS Rap-binding domain. Activation 
of Карі was observed 1-3 min after incubation with LDL 
(Figures 1A and 2B). This 1s relatively slow compared with a- 
thrombin, which activated Rap] after approx. 5 s, and induced 
full activation within 30 s [14]. Figure 1(B) shows the time course 
of Карі activation by LDL and a-thrombin in platelets from five 
(LDL) or three (a-thrombin) different subjects. Activation of 
Rapl by LDL started after 1—5 min (depending on the donor), 
was maximal at 5 min, and remained high for 1 h. A similar 
activation was observed with LDL prepared in the absence of 
thimerosal. Activation of Rapl by a-thrombin was faster, 
showing a maximal response after 30 s. Figure 2(A) illustrates 
the dose-response relationship of the LDL-induced Rap! ac- 
tivation after 10 min. Rapi was activated at 0.7 g/l or more, 
reaching a maximum at approx. 1.2 g/l LDL. The maximal Rapl 
activation by LDL (1 2 g/l, 10 min) was 69 +4% of the activation 
induced by a-thrombin (0 1 units/ml, 1 min, л = 3), indicating 
that LDL ıs a slower and slightly weaker activator than a- 
thrombin. LDL preparations might become slightly oxidized 
during prolonged storage, resulting in formation of LPA [26] To 
investigate whether LPA contributed to the LDL-induced ac- 
tivation of Карі, control experiments were carried out with LDL 
in the presence of N-palmitoyl-L-serine-phosphoric acid, an 
inhibitor of the LPA-receptor, and with LPA in the absence of 
LDL. As shown in Figure 2(B), this inhibitor did not change the 
effect of LDL, and LPA was unable to activate Rapl. 

To get a better insight into the nature of the activating 
properties of LDL, studies were focused on the protein moiety 
(mainly apo B100) and the lipid components. Figure 3(A) shows 
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Figure 1 Time course of LDL-Induced Rap1 activation 


(A) Platelets were incubated with a-thrombin (a-Thr, 0 1 units/ml) and LDL (12 g/T) for the 
indicated time penods without strong After lysis in Ral buffer, GTP-bound Rapi was 
precipitated with GST~RBD, coupled to GSH—agarose beads, and identfted by Western blotting 
using a polyclonal antibody against Rap! The upper band on the immunoblot is caused by 
aspeciftc binding to the GSH—agarose beads Data are representatrve of 5 similar experiments 
(B) LDL- (@) and a-thrombin- (1) induced activation of Rapt For each experiment, the band 
intensity at 10 min LDL-stimulabon was set at 100% (О) 02: 3, means E SD, P< 005 
for all LDLAncubations > 2 min, and for all a-thrombin incubations => 30 s compared to 
control Data indicated by (A) reflect Rapi activation by LDL prepared in the absence of 
thimerosal (л = 1) 


that modification of lysine residues in apo B100, which abolishes 
specific LDL-platelet binding [8], blocked Rap] activation. This 
indicates that the binding of the apo B100 moiety to the platelet 
is a crucial step in LDL signalling to Rap] As LDL may activate 
cells via oxidation [26], the effect of mildly oxidized and oxidized 
LDL on Rap! activation was studied. Figure 3(B) shows that 
with an increasing degree of CuCl,-induced oxidation, the ability 
of LDL to activate Rapl decreases. Similar results were obtained 
using 2,2’-azobis(2-amidinopropane) dihydrochloride-oxidized 
LDL (results not shown). Taken together, these results suggest 
that both protein and lipid moieties play an important role in 
Rap! activation by LDL, and that LDL-induced Rap! activation 
is not due to oxidative modification of the LDL preparation. 
Recently [10], we reported that LDL enhances platelet sen- 
sitivity to collagen via a mechanism which involves exposure of 
ligand-binding sites on integrin «8» (glycoprotein ПЬ-Ша). To 
clanfy the role of this complex in Rap] activation, studies were 
repeated ın platelets from patients with Glanzmann's thrombo- 
asthenia which lack integrin о 8, and are insensitive to LDL- 
induced sensitization [10]. The same activation was observed in 
platelets from healthy subjects (Figure 3C). Also, the presence of 
GRGDS, a peptide that mimicks part of the fibrinogen a-chain 
and inhibits fibrinogen binding [27] as well as the effect of LDL 
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Figure 2 Dose-response relation for LDL-induced Rapi activation 


(А) Platelets were incubated with LDL at the indicated concentrations for 10 min without stirring 
(Ф). GTP-Rapt was identified and band intensities were measured and expressed as 
percentage of the intensity at 29/1 (О). n= 3; means S.D; 'P < 0.05 compared to 
control. (В) Control incubation for possible involvement of LPA in the LDL-induced activation 
of Rapt. Unstirred platelet suspensions were incubated without (Rest) and with 1.2 9/1 LDL for 
1 min and 30 mín, and for 30 min with LPA in the indicated concentrations. Incubations with 
the inhibitor of the LPA-receptor. A-palmitoyl-L-serine-phosphoric acid (5 min preincubation: 
[26]) are indicated by NP. Similar results were obtained in stirred Suspensions (results not 
shown). Note that the blot is overexposed fo reveal a possible weak activation by LPA, 


on collagen-induced secretion [10]. failed to change Rapl ac- 
tivation by LDL (Table 1). Thus LDL-induced Rap! activation 
occurred independently of integrin а, pfs 


LDL-induced Rap1 activation is mediated by TxA, formation 


Earlier work showed that activation of Карі by a-thrombin 
depends critically on a rise in intracellular Са?” [14]. LDL- 
induced Rapl activation was almost completely abolished by the 
Ca**-scavenger BAPTA/AM, illustrating a similar dependance 
on intracellular Са?* (Table 1). Since LDL induces TxA, 
formation in platelets [2,5,11], studies were performed in the 
presence of the cyclooxygenase inhibitor indomethacin and the 
thromboxane receptor antagonist SQ30741. Both inhibitors 
blocked Rapl activation. almost completely, suggesting that 
LDL signals towards Rap] via formation of TxA,. Thromboxane 
formation is the result of arachidonate release from membrane 
phospholipids by cPLA,. Recent reports indicate that platelet 
cPLA, is phosphorylated and activated by the p38 mitogen- 
activated protein kinase (p38"^"*), The role of this kinase in 
LDL-induced Rap] activation was studied using the p38'^** 
inhibitor SB203580 [28,29]. SB203580 binds covalently, or within 
close proximity, to the ATP-binding site of p38"^"* [30,31]. 
Preincubation of platelets with 10 4M inhibitor decreased the 
ability of LDL to activate Rapl by approx. 70?,. In contrast, æ- 
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Figure 3 Effect of LDL-modification and platelet z /j.-deficiency on Rapt 
activation 


(A) Platelets were stimulated with lysine-modified LDL or native LDL (1.2 071) for 10 min without 
stirring. (B) Platelets were incubated with 1.2 9/1 LOL, mildly oxidized (mox) or oxidized (ox) 
LDL for 10 min. Shown here are the results of incubations with CuCi,-oxidized LDL. Experiments 
with 2.2 -azobis(2-amidinopropane) dihydrochioride-oxidized material gave similar results. (C) 
Platelets from a control and a Glanzmann patient deficient in integrin a, fJ. (Glycoprotein 
Нола) were incubated with vehicle or LOL (1.2 g/l). The data are from Patient 3 and are 
representative of the results from the two other patients 


thrombin-induced Rapi-activation was not affected (results not 
shown). At 10 4, M, SB203580 also inhibits kinases of the stress- 
activated protein kinase/c-Jun N-terminal kinases family [32]. 
The experiments were therefore repeated with I 4M, which 
inhibits p38™4"* by approx. 90“, [28.29]. and a similar inhibition 
was found compared with 10 4M (results not shown). Thus LDL 
activates CPLA, via p38"^"* and a second, unidentified pathway. 

To compare the kinetics of cPLA, and Карі activation by LDL 
in more detail. enzyme phosphorylation identified by mobility 
shift on PAGE was compared with enzyme activation 
assessed by release of arachidonate [33]. cPLA, from resting 
platelets migrated as a single band reflecting the non- 
phosphorylated state (Figure 4A). LDL (1.2 g/l} induced a 
mobility shift starting at 1.5 min. and leading to 605, 
phosphorylation after 10min. cPLA,-phosphorylation was 
preceded by p38"^"*.activation, which was detectable as 
phosphorylation of the protein after 10 s incubation with 0.1- 
1.0¢/1 LDL (Figure 4B). The activation of p38"^"* was re- 
sponsible for phosphorylation of cPLA,, since SB203580 in- 
hibited the mobility shift completely (results not shown). These 
findings are in contrast with an earlier report for collagen- 
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Table 1 Effect of inhibitors on LDL-induced Rap1 activation 


Unstirred platelet suspensions were incubated with LDL in the absence and presence of GRGDS 
(100 aM, 1 min), BAPTA/AM (30 «М, 30 min), indomethacin (30 aM, 30 min), 5030741 
(400 nM, 15 min) or 58203580 (10 „М, 15 min), before addition of LDL (1.2 g/l, 10 min). 
In each experiment, the band intensity after LDL-incubation without inhibitors was set 100%. 
Data were corrected for background intensities without LDL, and expressed as means + S.D., 
nz А. P < 0.05 for the incubation with LDL. 


inhibitor Rap! activation (% of control) 
None 100 

GRGDS 92 + 36 

BAPTA/AM 8 + 8° 

indomethacin 10 +9" 

$030741 10 4-10" 

SB203580 32 + 15* 
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Figure 4 LDL induces phosphorylation of cPLA, 


(А) Platelets were incubated with LDL (1.2 07) far the indicated time without stirring. Samples 
were then centrifuged and pellets were dissolved in Laemmli sample buffer, cPLA, was 
identified by Western blotting with an antibody against cPLA,. (B) Bands from cPLA, (@) and 
38V^** phosphorylation ([7]) analyses of LDL-stimulated platelets were scanned and quantified 
using ImageQuant software. Phosphorylation of cPLA, was expressed as the intensity of the 
upper band compared to total cPLA.. Activation of 038" ^P* was expressed as the percentage 
of LDL-induced phosphorylation after 10 min (1.2 g/l LOL, 37 °C, 100%). Analysis of p38 V^^* 
blots with an antibody recognizing both phosphorylated and unphosphorylated protein showed 
that protein concentration was similar in ай samples (results not shown). nz 3; means + S.D. 


induced cPLA,-phosphorylation [28]. Unstimulated platelets 
contained little free arachidonate, but incubation with LDL 
(1.2 g/l for 10 min) released approx. 5%, of the incorporated 
Hjarachidonic acid (Table 2). SB203580 inhibited this. re- 
lease by more than 60°,. a-Thrombin-induced arachidonate 
release was insensitive to SB203580, in accordance with a 
previous report [34]. Hence these data indicate that in unstirred 
suspensions LDL signals to cPLA, via p38"^"* and a second, 


Table 2 
release 


Influence of the p38"^"* inhibitor 58203580 on arachidonic acid 


Unstirred PH]arachidoníc acid-labelled platelets were stimulated with LDL (1.2 9/1, 10 min, 
37 °C) ог a-thrombin (1 unit/ml, 1 min, 37 °C) in the absence or presence of the pag" 
inhibitor 58203580, without stirring. 5,8.11,14-Eicosatetraynoic acid was added to prevent 
metabolism of released arachidonic acid. The release of arachidonic acid is expressed as 
percentage of total radioactivity (lelt column) and also compared between suspensions treated 
without and with SB203580 (right column). Values were corrected for radioactivity in resting 
platelets (2.7 3- 0.35). Data are means + S.D. Л = 5. “P< 0.05. 


Stimulator % Arachidonic acid release % Of control 
LDL 5.30 4- 1.77 100 

LDL + SB203580 1.75 + 1.09" 33-4 21 

a- Thrombin 8.00 + 1.32 100 

æ- Thrombin + SB203580 8.23 + 1.84 103 4- 23 
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Figure 5 TxA,-independent Rap1 activation by LDL 


(A) Platelet suspensions without (O) and with (A.Y) pretreatment with indomethacin 
(30 4M, 30 min) were stirred (900 rev./min) in the presence of 12 g/! LOL (OA? or buffer 
(X7) for 30 min, and at different time intervals GTP--Rapl was analysed as indicated in Figure 
1. (В) indomethacin-treated platelet suspensions were stirred (900 rev./min) with different 
concentrations of LDL for 30 min and GTP—Rap was analysed. Concurrently, indomethacin- 
treated, ('*C]5-hydroxytryptamine-labelled platelets were stirred (900 rev./min) with different 
concentrations of LDL for 4 h, and at different time intervals dense granule secretion was 
measured using ['^C]5-hydroxytryptamine as a marker. LDL concentrations (g/l) and 
corresponding Rapi activation (% of maximal, n = 3; means + S.D.) were 0 (OO, 3 18, 05 
(A. 243-65), 10 07, 33 49%). 1.5 (Ф, 41485), and 20 (Ф. set at 100%). Data are 
representative for 2 similar experiments with equivalent results. 
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Figure 6 LDL activates the small GTPase Ral but not Ras or ERK2 


(A) Platelets were incubated with a-thrombin (ac-Thr, 1 unit/mi) and LDL (12 g/T) for the 
indicated time periods without string and lysed in Ral buffer Activated Ras was precipitated 
with GST-tagged Rafl-Ras binding domain (GST—Rafi RBD) coupled to GSH--agarose beads, 
and Mentified by Western blotting using an antibody against Ras (the lower band on the 
Immunoblot is caused by aspecific binding to the GSH--agarose beads) (B) Platelets were 
incubated with a-thrombin (a-Thr, 01 unit/ml) or LDL (1 2 g/l, 37 °C) for the indicated time 
penods without stirnng, tysed in Ral buffer, and activated Ral was precipitated with GST~Ral- 
binding domain of RLIP76 coupled to GSH—agarose beads, and identifed by Western blotting 
using an antibody against RalA (C) Platelets were incubated with o-thrombin (c-Thr, 1 unit/ml) 
and LDL (1 2 g/l, 37 °C) as Indicated Samples were centrifuged and pellets were dissolved 
in Laermit sample buffer ERK2 phosphorylation was measured as a mobility shift by Western 
blotting with a polyclonal antibody against ERK2 


unidentified route, and that activation of cPLA, and formation 
of TxA, account for further Rapl activation 


TxA,-independent Rap1 activation 


The observation that Rapl activation fully depended on the 
formation of TxA, made it difficult to separate the roles of these 
molecules іп LDL-induced sensitization. Earlier studies showed 
that the faster a-thrombin-induced secretion in LDL-treated 
platelets was only partly sensitive to inhibitors of TxA, formation 
or blockade of the TxA,-receptor [2]. These conditions were 
therefore further explored in a search for a role for Rap!. When 
platelets were stirred, LDL induced a second, indomethacin- 
insensitive formation of GTP-Rapl (Figure 5A). This activation 
was unchanged by inhibitors of прапа binding to integrin 
нъ (953-795 compared with control), the protein kinase C 
inhibitor bisindolylmaleimide (1102-895), or the p38M^** 
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inhibitor SB203580 (84+ 12%). The Ca**chelator BAPTA/AM 
(16+4%) and iloprost, which raises cAMP (6:-295; n = 3, 
P « 0.05), interfered with the formation of GTP-Rapl. 

To investigate whether the TxA,-independent Rap] activation 
played a role in the secretion response, GTP-Rapl and [*C]5- 
hydroxytryptamine secretion were compared in stirred, indo- 
methacin-treated platelets (Figure 5B). Although 0.5 g/l already 
induced 50% Rapl activation without affecting secretion, a 
stepwise further increase to 2 g/l was accompanied by a dose- 
dependent enhancement of 5-hydroxytryptamine release This 
suggests that the formation of GTP-Rapl might play a role in 
the slow release of dense granule contents induced during 
prolonged contact with LDL. 


LDL activates the small GTPase Rai but not Ras 


Apart from Rap], platelets contain the small GTPases Ral and 
Ras [12]. Figure 6(A,B) illustrates that Ral is activated by LDL 
(1.2 g/l), reaching a maximum between 3 and 10 min. Formation 
of GTP-Ral showed the same sensitivity to indomethacin, 
SB203580 and 5030741 as formation of GTP-Rapl (results not 
shown). In contrast, no significant activation of Ras was observed 
in LDL-treated platelets A downstream element of Ras signalling 
is the serine/threonine kinase ERK2 (p42*^**) [35]. Earlier 
studies have shown that phosphorylation of ERK2 15 a reflection 
ofenzyme activation, and leads to a mobihty shift on SDS/PAGE 
[36]. Figure 6(C) shows that in contrast to a-thrombin (1 unit/ml, 
] min), LDL is unable to activate ERK2 in accordance with the 
absence of Ras activation. 


DISCUSSION 


The present study shows that an LDL concentration within 
the physiological range (0.26-1.23 g apo B100/1) [37] activates the 
small GTPase Rap], reaching maximal activation within 5 min. 
The activation of Rapl by LDL probably involves both the 
protein and the lipid moieties of the particle. The role of apo 
B100 is illustrated by the loss of LDL activity after lysine- 
modification The role of lipids is illustrated by the decrease in 
agonist activity after extensive lipid oxidation. The latter finding 
contrasts with results showing that mildly oxidized LDL, but not 
native LDL, initiates platelet shape change via formation of 
LPA, a product also found in atherosclerotic lesions [26]. 

In unstirred platelet suspensions, LDL triggered the formation 
of GTP-Rapl entirely via activation of p38"“**, cPLA, and 
TxA, formation, and further activation via the TxA,-receptor. 
Thus 1s was not possible to separate a role of Rapl from the well 
known activating properties of TxA,. Earlier work had shown 
that the secretion induced by a-thrombin in stirred platelet 
suspensions was faster following preincubation with LDL, and 
that the effect of LDL could only be inhibited in part by indo- 
methacin or the TxA,-receptor antagonist, 5030741 [2]. The 
present data illustrate that stirring also introduces a TxA,- 
independent Rapi activation. This second pathway of Rap! 
activation 1s followed by a slow secretion of dense granule 
contents. Studies with different LDL concentrations reveal that 
formation of GTP-Rapl and secretion show the same dose- 


~Y 


response relationship, suggesting, but not proving, that active ` 


Rapi might be an intermediate in this TxA, independent se- 
cretion 

A previous study revealed an important role for platelet 
integrin a,,,f, 1n LDL-induced sensitization [10]. The sensi- 
tization was absent in normal platelets with blocked ligand- 
induced outside-in signalling, as well as in a,,f,-deficient 
platelets. The present data show that Rapl activation by LDL 


occurs normally in the absence of integrin signalling, indicating 
that itis not a downstream event of a,,,8,. Thus Rap] may either 
function in pathways that control integrin activation or 1s 
independent of «,,,8,. Control studies show that LDL-induced 
fibrinogen binding, as detected in FACS studies [10], is completely 
abolished by indomethacin, and the role of Rapl in integrin 
regulation therefore remains uncertain (results not shown) 

Both the TxA,-dependent and the TxA,-independent Карі 
activation are inhibited by the Ca** chelator BAPTA/AM, and 
by agents that raise cAMP. There are several steps in the TxA,- 
dependent route both upstream and downstream of the 
TxA, receptor that involve Ca**, e.g. cPLA, and the initial 
activation of p38*^** is extremely sensitive to cAMP [24]. The 
nature of the TxA,-independent Rapl activation remains un- 
certain but may involve p125 focal adhesion kinase, which is 
phosphorylated by LDL with little interference by indomethacin 
[38]. | 

Platelet cPLA, associates with the membrane via its Ca**- 
dependent lipid-binding domain located at the N-terminus in a 
Ca**-dependent manner [39], and 1s phosphorylated at Ser®™ and 
Ser"" by various agonists [40]. This finding agrees with the 
strong phosphorylation of cPLA, induced by LDL, which in 
turn depends on activation of p38™4?*, An inhibitor of this 
kinase (SB203580) strongly decreased cPLA,-phosphorylation 
and arachidonic acid release, as well as Rapl activation by LDL. 
Therefore in LDL-induced signal generation, phosphorylation 
and activation of PLA, are coupled processes, leading to a 
release of approx. 6% of total [2Н]јагасшаопіс acid ın 10 min. In 
contrast, a-thrombin-induced (1 unit/ml) arachidonate release 1s 
rapid (approx. 8% in 1 пип) and apparently independent 
of p38!1^"*- mediated phosphorylation. The same insensitivity for 
p38™4"* inhibition is observed for «-thrombin-induced Rap] 
activation. Recent observations in PC12 cells suggest that ac- 
tivation of Карі may result in activation of ERK2 via B-raf [41]. 
Our results in LDL-stimulated platelets show that Rapi ac- 
tivation is not accompanied by activation of ERK2. Apart from 
Rapl, the small GTPase Ral 1s also activated upon platelet 
stimulation with LDL. Activated Ral might play a role in 
cytoskeletal rearrangements; it has recently been shown that Ral 
can play a role in filopodia formation upstream of the filamin 
ABP280, a protein responsible for crosslinking of actin filaments 
[42]. Another putative effector protein of Ral, RLIP76, is a 
GTPase-activating protein for CDC42, a member of the Rho/ 
Rac family. CDC42 is responsible for rearrangement of the actin 
cytoskeleton leading to focal contact formation and filopodia 
extension. Ral might also contribute to regulation of phospho- 
lipase D. In v-Src transformed cells, phospholipase D activity 
was precipitated with Ral, an interaction that was disturbed after 
deletion of an N-terminal region of Ral. Overexpression of Ral 
potentiated phospholipase D-activity, whereas the expression of 
a dominant negative mutant of Ral was inhibitory [16] The 
association of Ral with another small GTPase, Arf, seems 
necessary to render Ral able to stimulate phospholipase D 
activity. 

In fibroblasts, Ral activation cntically depends on Ras [43]. 
However, Wolthuis et al [12] recently reported the concurrent 
activation of Ral and Rapl, rather. than Ras, in platelets 
stimulated by different agonists, suggesting that Ral might be a 
signalling molecule downstream of Карі ın these cells. This also 
follows from our results showing that Rap! and Ral are regulated 
by the same upstream signalling components activated by LDL. 
Indeed, Rap1 activates Ral in cotransfection experiments with 
the Ral exchange factor RIf in Cos7 cells [44]. Therefore Карі 
may have taken over the function of Ras in platelets. In 
accordance with the absence of Ras activation by LDL, no 
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activation of the downstream element of Ras signalling, ERK2, 
is observed, indicating that both Ras and ERK do not have a 
function in LDL-induced platelet sensitization Ras 1s activated 
in platelets stimulated by high concentrations of «-thrombin and 
TxA, analogue. One would therefore expect a similar activation 
of Ras ın LDL-treated platelets, since this leads to TxA, 
formation and TxA,-dependent Rapl activation. The fact that 
this does not occur might be due to the relatively weak activating 
properties of LDL which, in contrast to a-thrombin, requires 
3 min or more before activation of signalling sequences can be 
identified. 


We thank D Rademakers and M. W. Pladet for technical assistance This study was 
supported by the Netherlands Organization for Scientific Research, the Netherlands 
Heart Foundation (grants 940.50 102/900 526.094 and 94 136) and the University 
Hospital Utrecht. The support by the Netherlands Thrombosis Foundation is gratefully 
acknowledged. 


REFERENCES 


1 Van Willigen, G, Gorter, G and Akkerman, J W № (1994) LDLs increases the 
exposure of fibrinogen binding sites on platelets and secretion of dense granules 
Artenoscler Thromb 14, 41-46 
2 Surya! 1, Gorter, G., Mommersteeg, M and Akkerman, J W N (1992) 
Enhancement of platelet functions by low density lipoproteins Biochim Blophys Acta 
1185, 19—26 
3 Nofe, J А, Тере, M., Kehrel, B, Wierwille, S, Walter, M, Seedorf, U., Zidek, W 
and Assmann, G (1997) Low-density lipoproteins inhibit the Na*/H* antiport in 
human platelets À novel mechanism enhancing platelet activity in 
hypercholesterolemia Сисшайюп 85, 1370-1377 
4 Weadtmann, A, Scheithe, Н, Hrboticky, N, Pietsch, A, Lorenz, R and Siess, W 
(1995) Mildly oxidized LDL induces platelet aggregation through activation of 
phospholipase А, Artenoscler Thromb Vase Biol. 18, 1131—1138 
5 Andrews, Н E, Aitken, J W, Hassall, D G, Skinner, V O and Bruckdorfer, К R 
(1987) Intracellular mechanisms in the activation of human platelets by low-density 
lipoproteins Biochem J 242, 559—564 
6 Апе, М G, Salley, M L and Simons, L A (1989) Platelet actvation by oxidatively 
modified low density lipoproteins Atherosclerosis 78, 117—124 
7 Pedreno, J, de Castallamau, С, Cullare, C, Sanchez, J, Gomez Gerique, J, Ordonez 
Llanos, J and Gonzalez Sastre, F (1992) LDL binding sites on platelets difter from 
the ‘classical’ receptor of nucleated calls Arterioscler Thromb 12, 1353-1362 
8 Avram, M., Brook, J G, Lees, A M and Lees, R 5 (1981) Low density lipoprotein 
binding to human platelets role of charge and of specific amino acids Biochem 
Biophys Res Commun 99, 308—318 
9 Dunn, R. C, Schachter, M, Miles, C. M, Feher, M D, Tranter, P R, Bruckdorfer, 
К R and Sever, Р 5 (1998) Low-density lipoproteins increase intracellular calcium 
in aequorin-loaded platelets FEBS Lett 238, 357—360 

10 Hackeng, С M, Huigsioot, M, Pladet M W, Nieuwenhuis, Н К, van Ryn, H J M 
and Akkerman, J W N (1999) LDL enhances platelet secretion via integrin agy 
mediated signaling Arterioscler Thromb Vasc Biol 19, 239—247 

11 Surya, | |, Gorter, G and Akkerman, J W N (1992) Arachidonate transfer between 
platelets and lipoproteins Thromb Haemostasis 88, 719—726 

12 Wolthuis, R M F, Franke, В, van Tnest, М, Bauer, B, Cool, А Н, Camonis, J Н, 
Akkerman, J W N and Bos, J L (1998) Activation of the small GTPase Ral in 
platelets, Mol Cell Biol 18, 2486—2491 

13 Shock, D D, He, K, Wencel Drake, J D and Parise, L V (1997) Ras activation in 
platelets after shmulation of the thrombin receptor, thromboxane A, receptor or 
protein kinase C Biochem J 321, 525—530 

14 Franke, B, Akkerman, J W N and Bos, J L (1997) Rapid Ca?*-mediated activation 
of Rapi In human platelets EMBO J 16, 252—259 

15 Mark, В L, юпа, O and Bhullar, R Р (1996) Association of Ral GTP-binding 
protein with human platelet dense granules Biochem Biophys Res Commun 225, 
40—46 

16 Jiang, H, Luo, J Q, Urano, Т, Frankel, Р, Lu, Z, Foster, D A and Feig, L A 
(1995) Involvement of Ral GTPase in v-Sro-induced phospholipase D activation 
Nature (London) 378, 409-412 

17 Bhullar, R P, Chardin, Р and Haslam, R J (1990) identification of multiple ral gene 
products in human platelets that account for some but not all of the platelet Gy 
proteins FEBS Lett 260, 48—52 

18  Olofsson, В, Chardin, Р, Touchot, №, Zahraou, A and Tavitian, A (1988) Expressron 
of the ras-related ralA, rho12 and rab genes in adult mouse tissues Oncogene 3, 
231—234 


© 2000 Biochemical Society 


238 


19 


21 


27 


28 


29 


30 


31 


C. M Hackeng and others 


Havel, R J, Eder, Н. A and Bragdon, J. Н (1955) The distnbution and chemical 


composition of ultracentrifugally separated lipoproteins in human serum J Сіп .., 


invest 34, 1345—1353 

Weisgraber, К Н, Innerarity, T L and Mahley, R W (1978) Role of tysine residues 
of plasma lipoproteins tn high affinity binding to cell surface receptors on human 
fibroblasts J Biol Chem 253, 9053—9062 

Kleinveld, Н A, Hak Lemmers, Н L, Stalenhoef, A F and Demacker, P N (1992) 
Improved measurement of low-densityipoprotein susceptibility to copper-induced 
oxidation application of a short procedure for isolating low-density lipoprotein 

Clin Cham 88, 2066—2072 

Sattler, W, Mohr, D and Stocker, R (1994) Rapid isolation of lipoproteins and 
assessment of their peroxidation by high-performance liquid chromatography 
postcolumn chemuluminescence Methods Enzymol 233, 469—489 

de Воо, J. and Bos, J, L. (1997) Minimal Ras-binding domain of Вай can be used 
as an activation-specific probe for Ras Oncogene 14, 623—525 

Hackeng, С M., Relou, | А M., Pladet, M. W., Gorter, G., van Ryn, Н. М and 
Akkerman, J W N (1999) Early platelet activation by Low Density Lipoprotein via 
р38М*Р Kinase Thromb Haemost 82, 1749-1756 

Bligh, E G and Dyer, W J (1959) A rapid method of total lipid extrachon and 
purification Can J Biochem Physiol 37, 911—918 

Sess, W, Zangl, К J, Essler, M, Bauer, М, Brandi, В, Comnth, С, Bittman, В, 
Tigy G and Aepfelbacher, М (1999) Lysophosphatidic acid mediates the rapid 
activation of platelets and endothelial cells by mildly oxidized low density lipoprotein 
and accumulates in human atherosclerotic lesions Proc Natl. Acad Sci USA 96, 
6931-6936 

Shatti, 5 J (1988) Platelet membrane receptors molecular biology, immunology, 
biochemistry and pathology (Jamieson, G А, ed), рр 345-380, Alan R Liss, Inc, 
New York 

Borsch-Haubold, А. G, Kramer, R М and Watson, 5 Р (1997) Phosphorylation and 
activation of cytosolic phospholipase A, by 38-kDa mitogen-activated protein kinase іп 
collagan-stimulated human platelets Eur. J. Blochem 248, 751—759 

oakiatvala, J, Rawlinson, L, Waller, R J, Sarsfiekd, S, Lee, J C., Morten, L F., 
Barnes, M J and Farndale, R W (1995) Role for p38 mitogen-activated protein 
kinase in platelet aggregation causad by collagen or a thromboxane analogue J Biol 
Chem 271, 6586—6589 

Tong, L, Pav, S, White, 0 М, Rogers, S, Crane, К М, Cywin, C L, Brown, M L 
and Pargellis, С А. (1997) A highly specific inhibitor of human p38 MAP kinase 
binds in the ATP pocket Nat Struct Biol 4, 311—316 : 
Young, P R, McLaughlin, M М, Kumar, S, Каѕзіѕ, S, Doyle, М L, McNulty, D, 
Gallagher, T. F., Fisher, S, McDonnell, Р C, Сат, S A et al (1997) Ругкіпуі 
imidazole inhibitors of p38 mirtogen-activated protein kinase bind in the ATP site 

J. Biol Chem 272, 12116-12121 


Recerved 5 January 2000/3 April 2000, accepted 17 Apni! 2000 


© 2000 Biochemical Society 


32 


34 


35 


36 


37 
38 


39 


40 


41 


42 


Clerk, A. and Sugden, P H (1998) The p38-MAPK inhibitor, 58203580, inhibits 
cardiac stress-actrvated protein kinases/c-Jun N-terminal kinases (SAPKs/JNKs). 
FEBS Lett 426, 93-96 

Borsch-Haubokd, A G, Kramer, R M and Watson, 5 Р (1995) Oytosotic 
phosphollpase А, is phosphorylated in collagen- and thrombin-stimulated human 
platelets independent of protein kinase C and mutogen-actvated protein kinase 

J Biol Chem 270, 25885—25892 

Kramer, R M, Roberts, E F., Um, S L, Borsch-Haubold, A G, Watson, S P., 
Fisher, M J and Jakubowski, J А (1996) P38 mitogen-activated protein kinase 
phosphorylates cytosolic phospholipase A, (cPLA,) in thrombin-stimulated platelets 
Evidence that proline-directad phosphorylation is not required for mobilrzation of 
arachidonic аскі by cPLA, J Biol Chem 271, 27723-27729 

Howe, L R, Leevers, S J, Gómez, N, Маквіпу, S, Cohen, Р and Marschall, С J 
(1992) Actrvation of the MAP Kinase pathway by the protein kinase Raf Cell 71, 
335—342 

Kramer, А М, Roberts, E F, Hyslop, P А, Utterhack, B G., Hui, K Y and 
Jakubowski, J A (1995) Differential activation of cytosolic phospholipase A, (cPLA,) 
by thrombin and thrombin receptor agonist peptide in human platelets. Evidence for 
activation of cPLA, independent of the mutogen-actrvated protein kinases ERK1/2 

J Biol. Chem 270, 14816—14823 

Jacobs, D S (1996) Laboratory test handbook, U S. Lexi-Comp Inc, Cleveland 
Hackeng, С М, Pladet, М W, Аккептал, J W N and van Rin, Н J M (1999) 
Low Density Lipoprotein phosphorylates the focal adheslon-associated kinase p125^* 
in human platelets independent of integrin аЙ, J ВЮ Chem 247, 383—388 
Nalefski, E A, Sultzman, L A, Martin, D М, Kriz, R. W, Towler, P S, Knopf, J L 
and Clark, J D (1994) Regulation of purified subtypes of phosphatidylinositol-specific 
phospholipase 0-2 by G-protein a and ду subunits J Biol Chem 268, 
18239-18249 

Borsch-Haubold, A G, Bartoli, F, Asselin, J, Dudler, T, Kramer, R М, Apitz-Castro, 
R, Watson, 5 Р and Gelb, M Н (1998) Identification of the phosphorylation sites of 
cytosolic phospholipase A, in agonist-stmulated human platelets and HeLa cells 

J Blog! Chem 273, 4449—4458 

Vossler, М R, Yao, H., York, R D., Pan, М G, Rim, С S and Stork, Р J (1997) 
cAMP activates MAP kinase and ЕК-1 through a B-Raf and Rapt-dependent 
pathway Cell 89, 73—82 

Ohta, Y, Suzuki, М, Nakamura, S, Hartwig, J H and Stossel, T (1999) The small 
GTPase RalA targets filamin to induce filopodia Proc Natl Acad Sci USA 96, ` 
2122—2128 

Wolthuis, R M F., Zwartkruls, F., Moen, T C. and Bos, J L (1998) Ras-dependent 
activation of the small GTPase Ral Сит Biol, 8, 471—474 

Zwartkruis, Е J T, Wolthuis, R М F, Nabben, М M. J. М, Franke, В and Bos, 

J L (1998) Extracellular signal-regulated achvation of Rapi fails to interfere in 

Ras effector signalling EMBO J 17, 5905-5912 


Biochem Ј, (2000) 349, 239—245 (Printed in Great Britain) 


239 





Regulation of ecdysteroid signalling: molecular cloning, characterization and 
expression of 3-dehydroecdysone 3«-reductase, a novel eukaryotic member 
of the short-chain dehydrogenases/reductases superfamily from the cotton 


leafworm, Spodoptera littoralis 
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One route of inactivation of ecdysteroids in insects involves 
ecdysone oxidase-catalysed conversion into 3-dehydroecdysone 
(3DE), followed by irreversible reduction by 3DE 3a-reductase 
to 3-epiecdysone. The 3DE 3a-reductase has been purified and 
subjected to limited amino acid sequencing It occurs as two 
distinct forms, including a probable trimer of subunit molecular 
mass of approx. 26 kDa. A reverse-transcriptase PCR-based 
approach has been used to clone the cDNA (1.2 kb) encoding the 
26 kDa protein. Northern blotting showed that the mRNA 
transcript was expressed in Malpighian tubules during the early 
stage of the last larval instar. Conceptual translation of the 3DE 
Ja-reductase СОМА and database searching revealed that the 
enzyme belongs to the short-chain dehydrogenases/reductases 


superfamily. Furthermore, the enzyme is a novel eukaryotic 3- 
dehydrosteroid 3a-reductase member of that family, whereas 
vertebrate 3-dehydrosteroid 3a-reductases belong to the aldo- 
keto reductase (AKR) superfamily. Enzymically active re- 
combinant 3DE 3a-reductase has been produced using a baculo- 
virus expression system. Surprisingly, we observed no similarity 
between this 3DE 3a-reductase and a previously reported 3DE 
3f-reductase, which acts on the same substrate and belongs to 
the AKR family. 


Key words: insect hormone, moulting hormone, steroid re- 
ductase. 





INTRODUCTION 


Moulting and aspects of reproduction in insects are regulated by 
the steroidal moulting hormones (ecdysteroids) [1]. In the im- 
mature stages of insects, the prothoracic glands are the primary 
source of ecdysteroids, generally ecdysone (Scheme 1; D. How- 
ever, in most Lepidoptera investigated, the major product of the 
glands 1s 3-dehydroecdysone (3DE; Scheme 1, П), accompanied 
by varying proportions of ecdysone [2-6]. The 3DE then under- 
goes reduction to ecdysone by NAD(P)H-linked 3DE 3f-re- 
ductase in the haemolymph [3,4,6,7]. Ecdysone undergoes 20- 
hydroxylation in certain peripheral tissues, yielding 20-hydroxy- 
ecdysone, which is considered to be the major active moulting 
hormone in most insect species [8]. 





ecdysone (I) 3DE 3p-reductass 





3-dehydroecdysone (IT) 


The ecdysteroid titre exhibits obligatory, distinct peaks at 
specific stages in development [9]. In immature stages, these arise 
by increased ecdysteroid synthesis ın the prothoracic glands, 
whereas decreases in titre result from enhanced ecdysteroid 
inactivation reactions together with elevated excretion. A number 
of transformations contribute to the inactivation of ecdysteroids 
[8], including the formation of 3-epi(3a-hydroxy)ecdysteroids, 
which are regarded as hormonally inactive [10-12]. Although 
production of 3-epiecdysteroids occurs in many insect orders, it 
is apparently prominent in lepidopteran midgut cytosol and 
involves ecdysone oxidase-catalysed formation of 3-dehydro- 
ecdysteroid, followed by NAD(P)H-dependent irreversible re- 
duction to 3-epiecdysteroid (Scheme 1; Ш) [8,11—15] The 3- 
dehydroecdysteroid may also undergo NAD(P)H-dependent 





NAIXPH 
3DE 3a-reductase 


3-epiecdysone (IIT) 


Scheme 1  Enzymic Interconversions of ecdysone, 3-dehydroecdysone and 3-eplecdysone 


Abbreviations used 3DE, 3-dehydroecdysone, AKR, aldo-keto reductase, SDR, short-chain dehydrogenases/reductases, RACE, rapid amplification 


of cDNA ends, HSD, hydroxysteroid dehydrogenase 


! To whom correspondence should be addressed (e-mall reeshh(gjiiv ac uk) 
The nucleotide sequence data reported will appear in DDBJ, EMBL, GenBank and GSDB Nucleotide Sequence Databases under the accession 


number AF255341 


© 2000 Biochemical Society 


240 H. Takeuchl and others 


3DE 3f-reductase-catalysed reduction back to 35-hydroxysteroid 
(Scheme 1, reviewed in [8,16]. Similar reactions occur with 
ecdysone and 20-hydroxyecdysone. Tbe significance of reduction 
of 3DE back to ecdysone 1s uncertain. In fact, particularly 
puzzling is the occurrence of enzymes for reversible inter- 
conversion of ecdysteroids and their 3-dehydro-derivatives in 
tissues of several species that are incapable of producing 3- 
epiecdysteroids [16]. 

We recently reported the purification of 3DE 3f-reductase 
from haemolymph of the cotton leafworm, Spodoptera littoralis 
[6]. Based upon limited amino acid sequences in thus enzyme 
protein, its cDNA was cloned by a PCR-based approach. 
Conceptual translation and amino acid sequence analysis sug- 
gested that 3DE 3f-reductase from S. littoralis is a new member 
of the aldo-keto reductase (АКВ) superfamily [17]. Furthermore, 
Northern-blot analysis showed that 3DE 3f-reductase mRNA 
transcripts are widely distributed in various tissues of S. littoralis. 

As part of our studies aimed at elucidating the regulation of 
ecdysteroid titre and the reactions involved in ecdysteroid 
inactivation, we have purified 3DE 3a-reductase from midgut 
with attached Malpighian tubules of last instar larvae of S. 
littoralis [18]. Two forms of 3a-reductase were detected: a 26 kDa 
form, which may exist as a trimer with apparent molecular mass 
of 76 kDa, and a monomer with approximate molecular mass of 
5] kDa. Limited amino acid sequences of internal proteolytic 
peptides of the 26 kDa form were determined, since the N- 
terminus 1s apparently blocked. 

Here we report the molecular cloning and characterization of 
the cDNA encoding the approx. 26 kDa 3DE 3a-reductase of the 
cotton leafworm, S. littoralis, together with heterologous ex- 
pression of enzymically active recombinant enzyme. Conceptual 
translation and amino acid sequence analysis indicated that 3DE 
3a-reductase 1s closely related to members of the short-chain 
dehydrogenases/reductases (SDR) superfamily In fact, the 3DE 
3a-reductase is nove] in being, hitherto, the only eukaryotic 3- 
dehydrosteroid 3a-reductase member of the SDR superfamily. 


EXPERIMENTAL 
Proteln sequencing 


3DE 3a-reductase (26 kDa form) from 5. littoralis was purified 
as described previously [18]. To obtain limited amino acid 
sequences of the enzyme, punfied protein was resolved by 
SDS/PAGE on 10% gels, visualized by Coomassie staining, and 
the corresponding band was excised and cleaved with V8 
proteinase. The resulting proteolytic peptides were purified by 
HPLC and sequenced by Edman degradation using an automated 
pulsed liquid-phase sequencer (Applied Biosystems 471A; Ap- 
plied Biosystems, Foster City, CA, U S A.). The partial sequences 
of three proteolytic peptides were determined: fragment 1, 
SVAFVGRHQAXL (where X represents a gap); fragment 2, 
IAXMIVYLA; fragment 3, LAPSGVRVNXVNPGPVLTDI- 
AAG. 


cDNA cloning and sequencing 


A PCR-based cloning strategy was used to clone a cDNA 
fragment encoding the region between internal peptides se- 
quenced as described above. Three degenerate primers were 
synthesized Primer 3А26-1 was designed on the basis of a part 
of the internal proteolytic peptide fragment 1 amino acid sequence 
(5'-GCI TTY GTI GGI MGI CAY CAR GC, where I represents 
inosine, Y 1s T/C, M 1s A/C, and R is A/G); primer 3A26-3 and 
3A26-3AS were designed according to the sequence of internal 
proteolytic peptide fragment 3 (3A26-3, 5'-GCI CCI WSI GGI 
GTI MGI GTN AA, where W represents A/T, S is C/G, N is 
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A/T/C/G; reverse primer 3A26-3AS, 5'-GTI ARI ACI GGI 
CCI ССК TTN AC). 

Total RNA was extracted using TRIzol® (Life Techndlogies) 
from combined midgut and Malpighian tubules dissected from 
larvae 42 h into the last larval instar. First strand cDNA was 
reverse-transcribed from the total RNA using a Ist Strand 
cDNA synthesis kit (Roche Molecular Biochemicals, Lewes, 
East Sussex, U К.) with Q, adapter primer, 5'-CCA TCA GTG 
СТА GAC AGC ТАА GCT TGA GCT CGG ATC C(T),, 
(modified from [19]). cDNA synthesized with Q, primer served 
as template for the PCR, in which the above three degenerate 
primers were combined in turn with the adapter Q, primer, 5’- 
CCA TCA GTG CTA GAC AGC T (modified from [19D PCR 
was carried out as follows: 1 cycle of 94°C for 3 min and 35 
cycles of 94 ?C for 1 min, 50 ?C for 1 min, 72 ?C for 2 min and 
1 cycle of 72°C for 8 min. PCR products were analysed by 
electrophoresis on a 1% agarose gel. This revealed that PCR 
with 3A26-1 and Q, yielded various lengths of product. These 
PCR products were used as template for the nested PCR, which 
was carried out as follows: 1 cycle of 94°C for 3 min and 30 
cycles of 94 °С for 1 min, 50 °С for 1 min, 72 °C for 2 min and 
1 cycle of 72 °C for 8 min. The nested PCR with 3426-3 and the 
other adapter Q,, primer, 5-TAA GCT TGA GCT CGG А 
(modified from [19]), yielded a product of approx. 550 bp, and 
the semi-nested PCR with 3A26-1 and 3A26-3AS yielded a 
product of approx. 450 bp. Both PCR products were gel-purified 
using a Hybaid Recovery? DNA purification kit (Hybaid, 
Teddington, Middx., U.K.). 

The purified PCR products were cloned into pGEM®-T Easy 
Vector (Promega) Transformants were screened by colony-PCR 
using M13 forward primer and M13 reverse primer (5’-GTA 
AAA CGA CGG CCA G and 5’-CAG GAA ACA GCT ATG 
AC respectively). Those showing the correct size of insert were 
propagated in Luria-Bertani broth Contaiming 100 ug/ml of 
ampicillin, and plasmid DNA was purified after 16 h incubation 
at 37 °C. Double-stranded DNA sequencing was performed by 
the dideoxy termination method using Sequenase Version 2.0 
(USB®; Amersham Pharmacia Biotech). The sequences of three 
independent clones of both cloned products were compared to 
detect errors that could have occurred during the reverse- 
transcription and PCR amplification. 


5’-Rapid amplification of cDNA ends (5’-RACE) 


5’-RACE was carried out to obtain the 5’-end of the cDNA. For 
this, mRNA from total RNA was isolated using the Dynabeads® 
mRNA purification kit (Dynal, Bromborough, Merseyside, 
U K.). A S'-RACE System Version 2.0 (Life Technologies) was 
used to amplify the 5'-terminus of the message for sequencing. 
Briefly, a gene-specific primer 1 (5'-GCA ATC TCC TCA GAC 
T) was hybridized to the mRNA, and cDNA was synthesized 
using Superscript П reverse transcriptase. The RNA was then 
degraded with RNase mix (RNase H and RNase T1), and the 
cDNA was punfied using a GlassMax spin cartridge supplied 
with the kit. A poly(dC) tail was added to the 3'-terminus of 
the purified cDNA using dCTP and terminal deoxynucleotidyl] 
transferase, and the cDNA region corresponding to the 5'-end of 
the mRNA was amplified by two successive rounds of PCR using 
additional gene-specific primers 2 and 3 (5'-CCC TGT ATC 
TTC AAG CAG ATC A and 5’-GAT GAG GAC ААС TGG 
ACG TAA AT respectively), together with the anchor primers 
supplied by the manufacturer. The second-round PCR yielded a 
product of approx. 400 bp, which was cloned into pGEM®-T 
Easy Vector, and the nucleotide sequences of several clones were 
determined. 
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CTAGTGTGCCTGCCAATCTCGCACAGTGAAGACGTACACGGTTCAGTTTGCTCTCAACTC 60 
ORF-1 


TAGTAACAGGTGGTAGCTCCGGTATCGGCGC 120 
1 MF A NH К V V | у T GG $ 8 б I G A 
3A26-| 

TGGGAAGARACCA 


MSCTACTGTGGAAGCATTCGTTAASGAAGGCGCTTCTGTAGCOT TCS 180 
19 A T V E A F V K EGA 8 V AF v G RM 0 


TCCTGGCTAT 240 
39 AX L K E VES R C ООН С Ан ILA I 


CAAAGCAGATGTCTCCAAAGACGAGGAAGCGAAAATCATCGTACAACARACTGTCGACAA 300 
59 K A D V S KD E &® AK ILIV 0б Qt у,р к 


GTTCGGGAMGCTTGATGTGCTTGTTAACAMCGCTGGGATTCTACGGTTCGCGAGTGTTCT 360 
79 F G K L DV LV NN А СТ > 1 К PFA 8 VL 


GGAGCCGACTTTAATACAAACTYTTGATGAAACT ACGTCCAGTTGT 420 
99 E P T L I QT F DE T M N T NK L RPV у 


CCTCATCACTAGCCTGGCTATCCCTCATTTGATTGCTACAAAAGGGAGCATAGTTAACGT 480 
119 L I T 8 L A IP RH LI AT KG S тун V 


АТССАСТАТАСТСТСТАСААТАСТАЛСААТАССАСССАТТАТСТСАТАСАСТСТСТСААА 
139 8 8 IL S TI VRI PG IH S85 YB V SK 
31A26-3 


GGCTGCTATGGATCACTTCACAAAATTGGCAGCGTTGGAGCTGGCTCOCTTCTGGCGTGCG 600 


159 A A M DH F T K 1 А А 1, EL A P 9 GVR 
3A26-3A8 


CCTGGACCAGTTCTTACTGATATCGCAGCTGGTTCTGGCTTTTC 660 
179 V N 8 V N P G P V L T D I A A 8 G F S 


TACAGGGGCTCA TCTGA 720 
199 P D L L ED TG АН Т> PL б К А А б 5 CE 
peoe-specrfic pomer | 





GGAGATTGCTGATATGATTGTGTATCTGGCTAGTGATAAAGCTAMGAGTGTTACGGGGTC 780 
219 E I AD M I УУ ÀAS8 DK AK SV TG 8 


CTGTTAT ATGCTTTGAAMGTTAATAAAAA 840 
239 C Y I M D HG L A L Q * 


CTGTTCACGAATATGAGCCTCTTGACTCACGGGCATGGCTTGAGACTAGTCGAGTTCCTC 960 
GTCAAATAGTTACGTGAGTAAGTCGTAAACATAATAATTGATATAGTATGTCTCGCGAAA 1020 


Figure 1 Nucleotide and deduced amino асю sequences of 3DE 
Ja-reductase 


Nucleotide numbers are Indicated on the right, amino acid numbers are on the left The putative 
polyadenylation signal is double-underlined The amino acid sequences obtamed from three V8 
proteolytic pephdes derived from punhed 3DE 3a-reductase are underlined The termination 
codon 15 indicated by an astensk The positions and directions of primers are indicated as 
arrows above the nucleotide sequence 


Construction of a cDNA contalning an open reading frame 


The cDNA sequence containing the entire open reading frame 
was amplified by PCR from the cDNA synthesized with primer 
Q, as described above. Expand?" High Fidelity PCR System 
(Roche Molecular Biochemicals) was used with the following 
gene-specific primers: ORF-1 (5-ТСА GAATTCATG TTC 
GCA AAT AAA) and ORF-1AS (5'-CAA AGATCTTTA CTG 
CAG CGC GAG). These primers were designed to incorporate 
EcoRI, and Ве[П sites (underlined in the primer sequences) into 
the 5'-end and 3’-end of the sense strand respectively. PCR was 
conducted as follows: 1 cycle of 94°C for 3 min, 37 cycles of 
94 °С for 1 min, 51 °C for 1 min, 68 °C for 1 min and 1 cycle 
of 72 °C for 10 min. The resulting PCR product was gel-purified, 
and cloned into pGEM®-T Easy Vector. Three independent 
clones were sequenced. 


Northern-blot analysis 


Total RNA from various tissues was isolated using TRIzol® 
reagent. A 10 ug aliquot of RNA was fractionated on a formal- 
dehyde/agarose gel, transferred to Electran® nylon membrane 
(Merck), and hybridized with a probe corresponding to the 
whole open reading frame of the 3DE 3a-reductase cDNA. The 
probe was radiolabelled with **P using a Ready-To-Go® DNA 
labelling kit (-dCTP) (Amersham Pharmacia Biotech), and 


loading was normalized by probing with an 18S rRNA probe 
from mouse (a gift from Ms Yi-Ping Bao, University of Liverpool, 
U.K.). Prehybndization and hybridization were carried out using 
QuickHyb® hybridization solution (Stratagene), under the con- 
ditions recommended by the manufacturer. The blots were 
washed at high stringency at 60 °C with 0.1 x SSC (where 1 x SSC 
is 0.15 M NaCi/0.015 M sodium citrate) containing 0.1% SDS, 
and labelled bands were visualized by autoradiography. 


Baculovirus expression of 3DE 3a-reductase 


The cDNA containing the complete open reading frame of 3DE 
3a-reductase was cut out with EcoRI and BgllI from the plasmid 
as described above and transferred into pSynXIV VI*X3 [20], 
which was digested with the same enzymes. This was cotrans- 
fected into S. frugiperda Sf21 cells (approx. 2 x 10* cells) with 
vSynVI gal DNA [20]. Recombination between viral sequences 
flanking the 3DE 3a-reductase cDNA in pSynXIV VI*X3 and 
homologous sequences in the viral genome resulted in the 
replacement of the f-galactosidase in vSynVI gal with the entire 
3DE 3a-reductase cDNA and a functional polyhedrin gene. The 
recombinant viruses were identified by screening based on their 
f-galactosidase-negative, occlusion-body-positive plaque pheno- 
type. Their structures were confirmed by restriction-endonuclease 
analysis and Southern blotting. Procedures used for maintenance 
of Sf21 cells, for propagation of vSynVI gal, and for the 
construction and characterization of recombinant viruses are as 
described in [20]. 


SDS/PAGE . 


Total cell proteins were analysed by vertical 4-12% gradient 
acrylamide gel electrophoresis using the NuPAGE Bis-Tris 
system (Novex, Groningen, The Netherlands). All samples (from 
approx. 3 x 10° cells each) were lysed in 50 ul of the NuPAGE 
SDS sample buffer containing NuPAGE sample reducing agent, 
and boiled for 5 min before loading 5 д1 of each sample onto the 
gel. After electrophoresis, the gel was stained with Coomassie 
Brilliant Blue and destained to allow visualization of the proteins. 
The band of recombinant protein was.cut out and subjected to 
in-gel digestion with trypsin and HPLC purification, before 
limited sequencing. 


Enzyme assay 


Assay of the recombinant 3DE 3a-reductase activity was per- 
formed in duplicate by modification of the method described in 
[14]. Sf21 cells (3 x 10° cells/well), infected with wild-type Auto- 
grapha californica nuclear polyhedrosis strain baculovirus or 
with recombinant baculovirus, were homogenized at 68 h post- 
infection in 50 ul of 100 mM Tris buffer (pH 8.0) containing 
0.05% NaN,. A 20 ul aliquot of this extract was assayed by 
incubation for 30 min at 37 °C in a 50 ul assay mixture consisting 
of 0.1 M sodium phosphate buffer (pH 7 4), 0.5 mM NADPH 
and 60 uM 3DE. Assays were quenched with 50 xl of methanol, 
and proteins were removed by centrifugation. The supernatant 
was analysed by reversed-phase HPLC. Protein concentration 
was determined by the method of Bradford using a dye-binding 
assay (Bio-Rad), with BSA as a standard. Three independent 
experiments were performed for each assay, with all assays being 
carried out in duplicate. 


HPLC 


Ecdysteroids were analysed by HPLC on a Waters instrument 
(Waters Associates, Northwich, Cheshire, U.K.) linked to a 440 
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UV detector set at 254nm and a C,, Nova-Pak cartridge 
(10 cm x 5 mm; Waters Associates), and eluted with an isocratic 
solvent system consisting of acetonitrile:0.1 %4 (v/v) trifluoro- 
acetic acid in water (22:78, v/v) at 1 ml/min [14]. 


RESULTS 
Cloning of the cDNA encoding 3DE 3x-reductase 


A PCR-based cloning strategy, as detailed in the Experimental 
section, allowed us to obtain two cDNA fragments corresponding 
to the sequences between nt 161-633 and 584-1183 respectively 
(Figure 1). Gene-specific primers derived from these sequences 
were synthesized and used for S-RACE to obtain the 5'-end of 
the cDNA. 5’-RACE produced a cDNA clone of 427 bp which 
contains a putative translation start site at position 68. Taken 
together, all overlapping cDNAs span a total of 1183 bp. The 
polyadenylation signal (AATAAA) is located at position 1150. 
As shown in Figure 1, using the first ATG as the start codon, the 
full-length 3DE 3a-reductase cDNA encodes a protein of 249 
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amino acids with a predicted molecular mass of 26079.09, which 
is almost identical to its apparent M, observed in our SDS/PAGE 
analvsis [18]. The protein is mildly acidic with an estimated pl of 
5:92. 


Similarity of the deduced amino acid sequence to proteins of the 
SDR family 


The deduced amino acid sequence for the cDNA coding region 
showed similarity to enzymes in the SDR family (Figure 2), such 
as Drosophila melanogaster alcohol dehydrogenase (699), 
Bacillus megaterium glucose |-dehydrogenase П (6695), Cuphea 
lanceolata 3M-oxoacyl-reductase (61 ^4) and Comamonas testoster- 
oni 3p-hydroxysteroid dehydrogenase (589,5). The 3DE 3a- 
reductase amino acid sequence exhibited features characteristic 
of the proteins of the SDR family [21.22], such as the putative 

consensus sequence for the cofactor binding site [23,24], 
G(X),GXG at Су", the active site consensus sequence [25-27], 
Y(X),K at Tyr'*?, and three further residues (Gly?, Ser!!* and 
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Figure 2 Alignment of the deduced amino acid sequences of 3DE 3x-reductase and the most similar database proteins 


The deduced 3DE 3a-reductase sequence was compared with all sequences in the Swiss-Prot database using the BLAST programme, Only the amino acid sequences of some similar proteins 
representing the SDR family are shown in the alignment. Gaps introduced to optimize alignment are indicated by hyphens. identical amino acids between 3DE 3ac-reductase and at least one other 
sequence are indicated in black boxes. Numbers on the top refer to the amino acid residues of the 3DE 3a-reductase sequence, The accession number of each protein sequence is as follows: 
В. megaterium glucose 1-dehydrogenase 11, P39483; C. lanceolata 3-oxoacyl-reductase, P28643: 2 melanogaster alcoho! dehydrogenase, Р00334; and C. testosteroni 3/-hydroxysteroid 
dehydrogenase, P19871. The alignment was constructed by use of the CLUSTALW programme. 
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Figure 3  Northern-blot analysis of the tissue distribution and expression 
of 3DE 3x-reductase 


А 10 ug aliquot of total RNA from various tissues at different times (top) within the last larval 
instar was used. The blot was hybridized with а **P-labelled 3DE 3a-reductase cDNA probe 
which corresponded 10 the whole protein coding region. The same blot was stripped and 
reprobed with 18 S rRNA probe. The positions of RNA size markers are shown on the left 
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Figure 4 SDS/PAGE analysis of protein synthesis in Sf21 cells infected 
with recombinant and wild-type baculovirus 


Infected cells (approx. 3 x 10° cells per sample) were lysed and collected at 24, 36, 48 and 
68 h post-infection. Each extract (10% of the total) was analysed by SDS/PAGE and visualized 
by Coomassie Brilliant Blue (see the Experimental section). The positions of protein molecular 
weight markers are shown on the left. The positions of 3DE 3a-reductase and polyhedrin are 
shown on the right 


Pro!) which are highly conserved in members of that super- 
family [21]. 


Tissue distribution and developmental expression of 3DE 3x- 
reductase mRNA 


As demonstrated in Figure 3, a cDNA probe representing the 
protein coding region detected a transcript of approx. 1.2 kb in 
the Malpighian tubules prepared from larvae at 18, 42 and 73h 
into the last-larval instar. No detectable expression was found in 
fat body and midgut. We could not detect the mRNA of 3a- 
reductase in haemocytes at 42 h (results not shown). 
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Figure 5  Enzymic activity of recombinant 3DE 3x-reductase 


Sf21 celis infected with wild-type or recombinant virus were lysed. incubated with 3. 
dehydroecdysone in the presence of NADPH and the products were analysed by reversed-phase 
HPLC (see the Experimental section). The positions of elution of authentic ecdysone (E), 3 
epiecdysone (E') and 3-dehydroecdysone (3DE) are shown 


Expression of 3DE 32-reductase in Sf21 cells 


Monolayers of Sf21 cells (3 x 10* cells/well) were infected with 
wild-type or with recombinant virus, and the cells were collected 
at intervals between 24 and 68 h. It was found that a polypeptide 
of approx. 26 kDa, as determined by SDS/PAGE, increased 
in intensity with time post-infection in samples infected with 
the recombinant baculovirus, but not in samples infected with the 
wild-type virus (Figure 4). This recombinant protein was con- 
firmed to be the 3a-reductase by in-gel digestion with trypsin 
followed by sequencing of two internal fragments (VVLVT- 
GGXXGIG and KXXALXLAP). These correspond to amino 
acids 6-17 and 166-174 in the 3DE 3z-reductase sequence. The 
level of expression of 3DE 3a-reductase is comparable with that 
of viral polyhedrin protein at approx. 30 kDa. 

It was demonstrated that the recombinant protein cell lysate 
was enzymically functional in reduction of 3-dehydroecdysone to 
3-epiecdysone in the presence of NADPH as a cofactor (Figure 
5). As shown in the reversed-phase HPLC UV chromatograms 
(Figure 5), there was appreciable conversion of 3-dehydro- 
ecdysone into 3-epiecdysone by the NADPH-supplemented lysate 
from 3DE 3a-reductase recombinant virus-infected cells, with no 
detectable transformation in the case of wild-type virus-infected 
cells (Figure 5) or lysate of uninfected Sf21 cells alone (results not 
shown). In the case of the 3DE 3a-reductase recombinant virus- 
infected cell lysate, the 3DE 3z-reductase activity was absolutely 
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dependent upon NAD(P)H cofactor and the specific activity was 
2.86+0.32 nmol/min per mg of protein in the presence of 
NADPH (mean+S E.M. for three independent experiments), 
which is of the same order of magnitude as partially fractionated 
normal activity [18]. 


DISCUSSION 


Using a reverse-transcription PCR-based cloning strategy, em- 
ploying degenerate primers designed on the basis of the partial 
amino acid sequences of fragments of 3DE 3a-reductase, together 
with 5’-RACE, the complete cDNA encoding the enzyme was 
isolated and sequenced The predicted amino acid sequence of 
the cDNA contained the three internal peptides obtained from 
V8 proteinase digestion of the band corresponding to the M, 
26000 polypeptide, confirming that we had cloned the 3DE 3a- 
reductase cDNA. 

When the cDNA encoding 3DE 3a-reductase was expressed 
using the baculovirus system, a polypeptide band of approx. 
26 kDa was observed on SDS/PAGE which increased in intensity 
with time of culture (Figure 4), Limited sequencing of internal 
proteolytic fragments confirmed that the sequences corres- 
ponded to the conceptually translated amino acid sequence of 
the cDNA. Furthermore, the lysate from recombinant baculo- 
virus-infected cells showed NADPH-dependent 3DE 3a-re- 
ductase enzymic activity. The foregoing results indicate that the 
cloned cDNA encodes 3DE 3a-reductase. 

Database searching revealed that 3DE 3a-reductase belongs to 
the SDR superfamily [21,22]. It is clear that the predicted amino 
acid sequence of this enzyme has high similarity to other enzymes 
in this family; in particular, the glycine residues (Gly!!, Gly!5 and 
С1у!") involved in cofactor binding [23,24], as well as Туг! 
and Lys!*? essential for catalytic function, are conserved [25—27]. 
Furthermore, that 3DE 3a-reductase may exist as a homotrimer 
of apparent molecular mass approx. 76 kDa and subunit mol- 
ecular mass approx. 26 kDa [18] is in agreement with SDR 
proteins, which are homo-oligomers composed of subunits with 
molecular masses between 25 kDa and 37 kDa [22]. 

3DE 3a-reductase activity has been demonstrated m midgut, 
fat body, haemolymph and epidermis of various insect species 
[11,14,28,29], but hitherto, there were no data concerning this 
enzyme in Malpighian tubules. Our Northern-blot analysis has 
revealed that the mRNA for the 3a-reductase 1s expressed 
strongly in Malpighian tubules (Figure 3). Furthermore, we have 
detected enzymic activity of the 3a-reductase in Malpighian 
tubules (results not shown). Chen et al. [18] showed that there 
were at least two forms (26 kDa and 51 kDa) of the 3a-reductase 
in combined midgut and Malpighian tubules of S. littoralis. The 
current data suggest that expression of the small form of 3a- 
reductase occurs in the Malpighian tubules, but not in the 
midgut. Expression of the 3a-reductase in the Malpighian tubules 
may suggest a role for the enzyme in inactivation of endogenous 
haemolymph ecdysteroid 

Northern-blot analysis (Figure 3) also revealed that the mRNA 
transcript for the enzyme is expressed over 18-73 h of the last 
larval instar. Since this expression correlates with times in 
development when ecdysteroid titres are minimal [14], the 3a- 
reductase may function in keeping the hormone levels low. In 
final larval instar of the Lepidoptera, Manduca sexta [30], 
Diatraea grandiosella [31] and Bombyx mor: [32], very low 
multiple peaks in haemolymph ecdysteroid titre have been 
detected appreciably earlier in development than the commitment 
peak. Presumably, a similar situation exists in 5. /ittoralis Thus 
expression of the mRNA encoding the small form of 3a-reductase 
in the early stage of the last Jarval 1nstar may reflect involvement 
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of the enzyme in inactivation of such small ecdysteroid peaks in 
the Malpighian tubules. 

Hydroxysteroid dehydrogenases (HSDs) belong to at least two 
distinct protein families: the SDR and AKR famibhes [21,22,33]. 
Furthermore, some 35-HSDs belong to an additional 34-HSD 
family whose members are membrane-bound proteins located 1n 
the endoplasmic reticulum and mitochondrial membranes [34]. 
HSDs belonging to the SDR or AKR families interconvert 
similar substrates, but bear no significant sequence similarity, 
and have completely different three-dimensional structures 
[35,36]. 

Recently, we reported [17] the deduced amino acid sequence of 
another reductase enzyme from S. littoralis that reduces 3DE to 
yield a 3f-hydroxy-ecdysteroid (biologically active), rather than 
a 3a-hydroxy-ecdysteroid (inactive), as in the case of the 3DE 
Ja-reductase Surprisingly, the 3DE 3f-reductase belongs to the 
AKR superfamily [33], whereas the current 3DE 3a-reductase 
belongs to the SDR superfamily [21,22]. Furthermore, there are 
no conserved regions between these families, resulting in no 
significant sequence similarity. Within the SDR superfamily, 
members share a consensus active site sequence Tyr-X-X-X-Lys, 
the tyrosine and lysine residues being essential for catalysis [21]. 
Thus it is envisaged that Туг!# and Lys!*? are important residues 
at the active site of 3DE 3a-reductase, whereas Asp", Туг", 
Lys'**, and His!*? in the 3DE 3f-reductase [17] are characteristic 
of active sites of the AKR superfamily [35]. SDR superfamily 
members have a Rossmann nucleotide-binding fold [G(X),GXG] 
located near the N-terminus [21,24]. In contrast, AKR family 
members bind cofactors through interaction with residues at the 
C-terminus end, consisting of an «/f barrel or several -strands 
and a-helix [36]. Thus, based on conserved amino acid residues in 
these superfamilies, we expect the structure of 3DE 3a-reductase 
to be very different from that of the corresponding 3DE 3f- 
reductase, though they catalyse reduction of an identical sub- 
strate. Furthermore, we found no nucleotide sequence similarity 
between the cDNA for these two reductases, which supports our 
view that they have evolved independently. 

Surprisingly, our protein database and literature searches have 
revealed that no other 3-dehydrosteroid 3a-reductase enzyme 
hitherto reported belongs to the SDR family, except for bacterial 
ones [37,38]. Mammalian 3«-HSDs belong to the AKR super- 
family [22,39-42], whereas carbonyl reductases from mam- 
malian tissues belong to the SDR family [43—46]. These results 
may suggest that 3DE 3a-reductase from S. littoralis is not 
evolutionarily close to 3a-HSDs but to carbonyl reductases in 
mammals. It may be significant in the case of ecdysteroids that 
a specific ecdysone oxidase (i.e. oxygen-dependent), rather than 
an NAD(P)'-dependent dehydrogenase, 1s responsible for oxi- 
dation of ecdysteroid to 3-dehydroecdysteroid, whereas the 
vertebrate 3-HSDs generally catalyse reversible reactions. 
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Muncl3 proteins constitute a family of three highly homologous 
molecules (Muncl3-1, Мипс13-2 and Muncl3-3). With the 
exception of a ubiquitously expressed Мипс13-2 splice variant, 
Muncl3 proteins are brain-specific. Muncl3-1 has a central 
priming function in synaptic vesicle exocytosis from gluta- 
matergic synapses. In order to identify Muncl3-like proteins 
that may regulate secretory processes in non-glutamatergic 
neurons or non-neuronal cells, we developed protein profiles for 
two Muncli3-homology-domains (MHDs). MHDs are present in 
a wide variety of proteins, some of which have previously been 
implicated in membrane trafficking reactions. Taking advantage 
of partial sequences in the human expressed sequence tag (EST) 
database, we characterized a novel, ubiquitously expressed, rat 


protein (Munc13-4) that belongs to a subfamily of Muncl3-like 
molecules, in which the typical Munc13-like domain structure is 
conserved. Munc13-4 1s predominantly expressed in lung where 
it ıs localized to goblet cells of the bronchial epithelium and to 
alveolar type П cells, both of which are cell types with secretory 
function. In the present study we identify a group of novel 
proteins, some of which may function in a Muncl3-like manner 
to regulate membrane trafficking. The MHD profiles described 
in the present study are useful tools for the identification of 
Muncl3-like proteins, that would otherwise have remained 
undetected. 


Key words: lung, protein profile, secretion. 





INTRODUCTION 


Synaptic vesicles are the key organelles in neurotransmitter 
release at synapses. In the presynaptic terminal of a nerve cell 
synaptic vesicles pass through a complex cycle of membrane 
fusion and fission reactions that govern the release process. 
Vesicles are probably generated by budding from early endo- 
somes. They are loaded with transmitter, translocate to the 
plasma membrane and dock at the active zone, an electron dense 
presynaptic membrane region where the release process 18 re- 
stricted to. Docked vesicles have to be primed, that 1s mature to 
a fusion competent state, before a rise in the intracellular calcium 
concentration can trigger fusion and secretion of the transmitter. 
After fusion, vesicular membrane and protein components are 
retrieved by clathrin-mediated endocytosis and recycled directly 
or via early endosomes [1]. 

Muncl3 proteins constitute a family of three molecules 
(Munc13-1, Munc13-2 and Munc13-3) with homology to Caenor- 
habditis elegans unc-13p. With the exception of a ubiquitously 
expressed Muncl3-2 splice variant, Muncl3 proteins are 
specifically expressed in brain, where Munc13-1 has a central role 
in synaptic vesicle priming. Munc13 proteins contain a phorbol 
ester-binding C,-domain and two C,-domains, which are Ca**/ 
phospholipid binding domains [2,3]. The most abundant isoform 
in rat brain, Muncl3-1, is specifically targeted to presynaptic 
active zones [4]. It binds to syntaxin, a component of the synaptic 
vesicle fusion apparatus [5], as well as to DOC2 (‘double C,”) [6], 
and acts as a phorbol ester-dependent enhancer of neurotrans- 
mitter secretion when overexpressed in Xenopus neuro- 
muscular junctions [4]. Loss of Muncl3-1 in deletion mutant 


muce leads to an arrest of the synaptic vesicle cycle of hippocampal 
neurons at the synaptic vesicle priming step, resulting in a 
functional shutdown of synapses. These contain normal numbers 
of docked vesicles which are not primed and therefore unable to 
fuse upon physiological stimulation [7], demonstrating that 
Muncl3-1 is an essential synaptic vesicle priming protein in 
neurons. Interestingly, this Muncl3-1 mutant phenotype is 
restricted to excitatory/glutamatergic neurons while inhibitory/ 
y-aminobutyric acid (GABA)ergic nerve cells are unaffected 
by the Munc13-1 deficiency [7]. Analysis of deletion mutations in 
the C. elegans and Drosophila unc-13 genes yielded results that 
are very similar to those obtained in Мипс13-1 mutant mice, 
demonstrating that the functional role of Unc-13 homologues is 
evolutionary conserved [8,9]. | 

Muncl13-1 is expressed in all neurons of the rat central nervous 
system [3]. In contrast, Muncl3-2 and Muncl3-3 exhibit 
strikingly differential expression patterns. Muncl3-2 is only 
present in rostral brain regions, including cerebral cortex and 
‘cornu ammonis' regions of the hippocampus, while Munc13-3 
expression is mostly restricted to the cerebellum [3]. Thus neurons 
in the rat brain co-express Мипс13-1 with either Muncl3-2 or 
Munc13-3, depending on the brain region under examination. 
On the basis of these findings and preliminary observations in 
deletion mutant mice [7], it was concluded that Muncl3-2/ 
Muncl3-3 and Muncl3-1 have partially redundant roles in 
neurotransmitter release. Neurons utilize transmitter-specific 
synaptic vesicle priming mechanisms where excitatory/ 
glutamatergic cells are dependent on Muncl3-proteins, while 
inhibitory/GABAergic cells are not [7]. 

In view of this striking differential dependence of neurons, п 


Abbreviations used. BAH, brain-specific angiogenesis inhibitor 1, BAP3, BAH -associated protein 3, CAPS, Ca**-dependent activator protein for 
secretion, CIRL, Ca?*-independent recepter for a-latrotoxin, CPD2, cerebellum postnatal development associated protein 2, EST, expressed sequence 
tag, GABA, y-aminobutyric acid, GST, glutathione S-transferase, MHDs, Munci3-homology-domains; ORFs, open reading frames 
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Figure 1 Proteins containing MHDs 
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the central nervous system, on vesicle priming by the three 
known Munc13 isoforms, we initiated a search for novel Muncl3- 
like proteins. Based on the assumptions that (1) synaptic vesicle 
priming is a general feature of neurotransmitter release from all 
neurons, and that (2) similar priming processes may be involved 
in non-neuronal cells, the aim of this search was the ident- 
fication of novel vesicle priming proteins with central roles in 
secretory processes. We used distantly related Muncl3-like 
protein sequences from Saccharomyces cerevisiae and Schizo- 
saccharomyces pombe to develop protein profiles for two Munc13- 
homology-domains (MHDs). We found that MHDs are present 
in a wide variety of proteins from Arabidopsis thaliana, C. 
elegans, Drosophila melanogaster, mouse, rat and human. Taking 
advantage of partial sequences in the human expressed sequence 
tag (EST) database we identified, cloned and characterized a 
novel, ubiquitously expressed rat protein (Muncl3-4) that 
belongs to a subfamily of Munci3-like molecules in which the 
typical Muncl3-like domain structure, with two C,-domains 
separated by a sequence containing the two MHDs, 1s conserved. 
Muncl13-4 is predominantly expressed in lung where it 1s localized 
to goblet cells of the bronchial epithelium and to alveolar type II 
cells, both of which are cell types with secretory function. In the 
present study we identify a group of novel proteins, some of 
which may function in a Muncl3-lke manner to promote vesicle 
priming during secretion from non-glutamatergic neurons and 
cells outside of the central nervous system. 


© 2000 Biochemical Society 


MATERIALS AND METHODS 
Sequence analysis and identification of Munc13-ilke proteins 


Initial database searches for Muncl3-like proteins were per- 
formed using the BLAST server at the National Center for 
Biotechnology Information (http://www.ncbi.nlm.nih.gov). 
Multiple sequence alignments were calculated with either 
DNASTAR (Madison, WI, U.S.A.) or the PILEUP program of 
the GCG program suite and improved manually [10]. Profiles for 
MHD consensus sequences were constructed from aligned 
sequences [11] using the BLOSUMAS amino acid similarity 
matrix [12] with a gap penalty of 2.1 and a gap-extension penalty 
of 0.2. These profiles were used to search the current protein and 
DNA database releases [13]. 


Cloning of Munc13-4 


Initial database searches led to the identification of two yeast 
open reading frames (ORFs) with similarity to Muncl13 proteins; 
yor296w from S. cerevisiae, and c11e3 from S. pombe (Figures 1 
and 2)- Databank searches with MHD profiles, developed on the 
basis of the two yeast sequences and known Munc13-sequences, 
identified, among other sequences (Figures 1 and 2), three 
ESTs with similarity to Muncl3 proteins (Clone ID/GenBank 
accession numbers: 231903/H92853;  700912/A A287381, 


Munc13-like proteins 249 














































Monel 3 E r r-Munc13-1 
c-Muncl 3-2 ВР p rMunc13-3 
Muncl3 630 SSSHEKORLCKSTORMNLHEKVEWFYNEYVRELPAFEK DA | — rMunc13-2 
h-Manci 013 x CKSAUMMNLHFEVEWLHNEYVRDLPVLQG: — — l— n-Munc13 
e-ühc-1 21 PEREANLYFKVKGEYEKYVADLSTYKS: ———— + | dr-une-13 
dr-ane-!3 139 (HLHERVEWLYSNYVKEVPPYE ce-unc-13 
sC-yor296w 61 LO < 
sp-clle3 594 —sp-c1 163.2 
t-Muncii-4 55 . PSDSHEVL Е | - Sc-yor296w 
се-ВАР 572 ERMHMBFVELRNYR. LLorem LANRVRVR | ce-unc-31 
h- БАР 66) a -— | r-CAPS 
"eun 3147 HÀ. m-CPD2 
t-CAPS 511 , 
n-CPD2 = ТОЗУУ; DSFPLFQLLNNFLRNÜTLI ———— 4 at-117h15.17 
at-fil?hi5.17 550 VOIAVEDSVDSDDGGK — — subi 
at-f4p9.15 597 BOMNVAEDSEECENG. aeos rh tH 9 at- 
it-t ©Ч с мрн аз» АДАШ at-119p19,7 
„©-©20] 513 r-Munc13-4 
h-BAP3 
- ce-BAP3 
Munci 3 0.55 зоеъ аша 
“Mun VÀ 0 30's 0 6.08 a ele eee 022 mov ev 
Muncl3 ] 25292252224 »492b2891014294 46048 
Munc »t 
C unc L| 
ir-ur j у our vswad es р кт үт: 
-yor296w ETE zoushawsd alatis wander eus aieo e QOL.AQMITVIUBMAFSDG 
p-cile3.2 65: DI pied ahi. и I 
Muncli-4 6:6. апела аа аба aldicla EEA TVBFVEDTC I 
e-BAP3 S39 .cocxevecenn: i IEYTRQLVDN is 
һ=ВАРЗ WI. deed s nen ades dab «Aldi а е a a.d b Als t А 
@-une-3 4 аана oras HEEGCABSEBBRIMMBOALHTERMI: СИНИ ЗЕ DER. KY LOTEMESLTSE 
CAPS 25 ái v90:4 X 5/0 4ié-0€ 8 à e-Pádàeg 9 a8 5-000 9 lane 
m-CPD: 121 LFNVALPKVPSLPLNLPQIPSFSTPPWMASLYBESTN: 
it-fiThIs CV ү Ж АКИРА? ENLEGGYAQS 
it-f4po 658 .KSKESEPYAGQSAL 
" fi9pi KSE ...RSKSEPYAQSAGMLMKLA? 
at-t2g91 E aq ..RSNELGIAPSAVEN 
-Muncl LEPI LLRKHGKGLEKGRVELPSHSDGTOMI r-Munc13-1 
r-Mun BUE PL DOTGTOLI — x 12. 
t-Munc] J ge soss s DOTGPOMI r—31 Lenets 
i-Muüf "A v9 bae aco 0% 2 sos ~ = dr-unc-13 
e-ur d M DKALLKQLFNAF IGDVTELMSTN i -—— ——"Ü r-Munc13-3 
t d LTONAKNLASNAKIEDMGR } 


at-f17h15,1 
at-f4p3.19 
at-f19p19.7 


at-t2917.19 


s mx ee 


at-t5c23.100 





:-Munc13-1 1443 FNAAKELGQLSELKDHNMVREE 
t-Munel 3-2 1696 LTAAKELSQLSKLKDHMVREE 
r-Muncl 3-3 1939 FIAAKELGQLSKLKEHMIRDOAGG 
h-Munci3 1323 FTAAKELSHLSKLKDHMVREHNMBG 
e-unc-132 1534 NQSIEKGMNSV.KTDMMDMARESEISOMMEEPROCTESOS 
jt-unc-13 1478 MAGKODVKSALSGVMDISKEVERNNMME 
5C-yorz96w 102 RSAKKSLWENTLSTTKTVSCYGEMUME 
3p-cile3.. BOGS ......55. cee VEPINI 
г-Мипс1 3-4 DIE Karts etree mnie anne 

ce "BAT 858 

he ВАР З o0 RTL TUNER CP 
at-fi7h BID сеооа 
at-f4p9.19 PER ЧАКТА Л ТАТУ Hae Y 

st -119p:9 DEISJ-o06269:04 50232 6444 

at-tz: $ DAG ©0068 or nde6s ед Әле» 

at-t5 Sse эое оо» 


Figure 2 Conservation of MHDs 






—ce-unc-13 














sc-yor296w 
| лы 8р-с11е3.2 
харчы | I f at-H7h15.17 
Ss Mad sow LS LA dre Socius UA | wo at-t2g17 19 
M apes — à; | [ а!-!4р9.19 
x е — at-119p19.7 
' >» * —— ——— — — 91445023 100 
— r-Munc13-4 
aci - -h-BAP3 
ce-BAP3 


Alignments and corresponding dendrograms of MHD1 (top panels) and MHD2 (bottom panels) from the indicated proteins. Proteins and residue numbers are identified on the left Sequences are 
shown in single letter amino acid code and are aligned for maximal homology. Conserved residues are shown on black background and residues that are similar are shown on shaded background 
[similarity groups: (F.Y.W); (IL, V,M); (H,R.K); (D.E); (GA): (T.S); (N,Q)]. Dots indicate gaps. at, A. thaliana: ce, C. elegans; dr, D. melanogaster; h, human: m, mouse: r, tat: sc. S cerevisiae: 


sp, S. pombe 


1035452/AA621650). The respective clones were obtained (Re- 
search Genetics, Huntsville, AL, U.S.A.), and their inserts were 
used to screen a rat forebrain cDNA library in AZAPII (J. 
Boulter, University of California, Los Angeles, CA, U.S.A.) as 
well as a rat whole-brain library in AZAPII (Stratagene, 
Heidelberg. Germany) at high stringency. From | x 10° plaques, 
three positive clones were isolated. Rescued plasmids were 
sequenced using the dideoxy chain termination method with dve 
terminators on an Applied Biosystems 373 DNA sequencer 
(Applied Biosystems, Weiterstadt, Germany). All three clones 
overlapped with the EST clones used in the screen. Inserts of 
positive clones were then used in a screen of a rat lung cDNA 
library in А8111 (Clontech, Heidelberg, Germany) at low strin- 
gency. From | x 10° plaques, 71 clones were isolated, subcloned 


into pBluescript (Stratagene, Heidelberg. Germany) and 
sequenced as described above. Of the sequenced clones, 45 
contained parts of the appropriate cDNA, while the rest repre- 
sented unrelated artefacts. A full-length sequence of the novel 
cDNA, designated Muncl3-4, was assembled from multiple 
overlapping cDNA fragments and subcloned into pcDNA3 
(pcDNA3-Muncl3-4; Invitrogen, San Diego, CA, U.S.A.). A 
human embryonic kidney cell line (HEK-293) was transfected 
with this vector, using calcium phosphate [14]. 


Generation of antibodies to Munc13-4 


Polyclonal antibodies directed against Muncl3-4 were generated 
with a glutathione-S-transferase (GST) fusion protein as the 
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Figure 3 Primary structure of Munc13-4 
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The amino acid sequence of rat Мипс13-4 was deduced from the nucleotide sequence assembled trom multiple overlapping cDNA clones (GenBank accession number AF159356). Sequences 


are shown in single letter amino acid code and are aligned for maximal homology with human ВАРЗ (GenBank accession number ABO1711 
(H,R.K); (D.E); (G.A); (T.S); 


and residues that are similar are boxed [similarity groups: (F,Y,W); (I,L.V.M) 


1). Conserved residues are shown on black background 
(N,Q)]. Dots indicate gaps. C.-domains are indicated by hatched bars and MHDs are 


ndicated by shaded bars above the respective sequence stretch. Munc13-4 and BAP3 are 34% identical and form a new subfamily of Munc13-like proteins. h, human; r, rat 


antigen. Recombinant GST-Muncl3-4 fusion protein was 
generated by using the expression plasmid pGEX-Muncl 3-4. 
which represents residues 889-1088 of Munc13-4 in the pGEX- 
KG vector [15]. Antisera were affinity-purified on fusion 
proteins that was either coupled to CNBr-activated Sepharose 
(Pharmacia, Freiburg, Germany) [16] or blotted to nitrocellulose 
[17]. 


Immunocytochemical detection of Munc13-4 


Adult rats were anaesthetized with tribromoethanol and fixed by 
transcardial perfusion with 4°, (w/v) paraformaldehyde/0.1 M 
phosphate buffer (pH 7.4). Lungs were immediately dissected, 
post-fixed for | h and cryoprotected with 30", (w/v) sucrose. On 
a frozen microtome, 14 jm thick sections were cut and mounted 
onto microscope slides for light microcopic immunocyto- 
chemistry. Endogenous peroxidase activity was blocked by 
incubation for 20 min at room temperature with 0.5°, (v/v) 
H,O, in methanol. Sections were probed with affinity-purified 
antibodies to Muncl3-4 and labelled according to published 
procedures with the steptavidin/biotin/horseradish peroxidase 
(‘ABC’) method (Dako, Glostrup, Denmark). followed 
by a histochemical nickel-intensified horseradish peroxidase 
reaction with 3,3 -diaminobenzidine [4]. Sections were counter- 
stained with Kernechtrot (Merck, Darmstadt, Germany). 
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Miscellaneous 


Multiple rat tissue mRNA blots were purchased from ClonTech 
(Heidelberg, Germany) and hybridized at high stringency with 
an 0.7 kb Sacl-Apal-fragment (bp 2851-3554) from the Muncl3- 
4 cDNA. SDS/PAGE and immunoblotting were performed 
using standard procedures [18,19]. 


RESULTS 
Identification of proteins containing MHDs 


In initial cDNA database searches we identified two yeast ORFs 
that exhibited similarities with Muncl3 proteins outside the 
conserved C,-domains; S. cerevisiae yor296w, presumably 
involved in bud formation, and S. pombe cl le3 (Figures | and 2). 
Two profiles for MHD consensus sequences, designated MHD] 
and MHD2 for MHDs | and 2, were constructed from alignments 
between Muncl3-sequences and the novel yeast proteins. 
Interestingly, MHDI and MHD2 enclose а central C,-domain in 
the two yeast ORFs, while they are arranged between two 
flanking C,-domains in Muncl3 proteins (Figure 1). Using these 
profiles multiple proteins containing MHDs were detected in the 
current databases (Figures | and 2). Apart from the rat, human, 
C. elegans and D. melanogaster Muncl3 proteins and the yeast 
ORFs described above, these included the following proteins: (1) 
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Figure 4 Tissue distribution of Munc13-4 mRNA 


Blots containing polyadenylated-enriched RNA from the indicated rat tissues were hybridized 
at high stringency with a uniformly labelled probe from the coding region of Мипс13-4 and 
exposed to film for 24 h, The same 01015 were rehybridized with a probe for glyceraldehyde- 
3-phosphate dehydrogenase to ensure uniform loading (not shown). Apart from skeletal muscle, 
Munc13-4 mRNA was expressed in all tissues examined. Strongest expression was observed 
in lung, spleen and testis. 


C. elegans and human brain-specific angiogenesis inhibitor | 
(BAI1)-associated protein 3 (BAP3) which exhibit the typical 
Muncl 3-like domain structure with two C,-domains flanking the 


195 


112 


Figure 5 Tissue distribution of Munc13-4 protein 


two МН», but which lack the long N-terminus with the phorbol 
ester-binding C,-domain (human BAP3 binds to BAI1, a member 
of the secretin-receptor family [20]; (2) rat Ca**-dependent 
activator protein for secretion (CAPS), a regulator of large 
dense-core vesicle secretion [21-23], and its C. elegans homologue 
unc-3lp. both of which contain only MHDI and are otherwise 
unrelated to Muncl3 proteins; (3) human cerebellum postnatal 
development associated protein 2 (CPD2) (partial sequence which 
contains only MHD1), a protein with a putative role in cerebellum 
development; (4) four A. thaliana proteins of unknown function. 


Cloning of Munc13-4 


In addition to the above sequences our database searches resulted 
in the identification of several human ESTs containing MHDs. 
Three of these encoded parts of a protein with weak homo- 
logy to human BAP3 (Clone ID/GenBank accession numbers: 
231903/H92853;  700912/AA287381:  1035452/AA621650), 
demonstrating the existence of a family of mammalian BAP3- 
like proteins. Since the domain structure of BAP3 resembles that 
of the known Muncl3 proteins, indicating that BAP3 and its 
homologues may also be functionally related to Munc13 proteins, 
we cloned the full-length sequence of the novel EST-encoded 
protein from rat lung cDNA. The resulting cDNA contained an 
ORF that encoded a protein of 1088 amino acid residues with a 
calculated molecular mass of 125 kDa (Figure 3). The primary 
structure of the novel protein was 34", identical to that of 
BAP3. In addition, the domain structures of the two proteins 
were identical, with two C,-domains at the N- and C-termini 
flanking the central MHDs (Figures | and 3). Due to the highly 
conserved Muncl3-like domain arrangement, and because its 
two C,-domains were most closely related to the C,-domains of 
Muncl3 proteins (see [20] for a comparison of C,-domains in 
BAP3 and Munc]3), the novel protein was named Muncl 3-4, 


Characterization of Munc13-4 mRNA and protein 


RNA blots loaded with polyadenylated-enriched RNA from 
different tissues were hybridized at high stringency with a probe 





Left panel: homogenates from untransfected HEK-293 cells (Mock) and from HEK-293 cells that had been transfected with a eukaryotic expression vector encoding full-length Мупс13-4 (pcDNA- 
Munc13-4) (20 j.g/lane) were analysed by SDS/PAGE and immunoblotting using affinity-purified antibodies to Munc13-4. Full-length Munc13-4 (arrow) migrates as a 115 kDa polypeptide. Additional 
bands represent unidentified cross-reactive proteins. Right panel: homogenates trom the indicated tissues (20 j/g/lane) were analysed by SDS/PAGE and immunoblotting using affinity-purified 
antibodies to Мупс13-4, Like Munc13-4 mRNA, Munc13-4 protein (arrow) was expressed most strongly in rat spleen and lung. Additional bands represent unidentified cross-reactive proteins 
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Figure 6 Мипс13-4 localization in lung 


Section through the bronchial epithelium of rat demonstrating the presence of Мипс13-4 in 
goblet cells (examples are indicated by arrowheads) 


specific for Muncl3-4 (0.7 kb Sacl-Apal fragment from the 
Muncl3-4 cDNA). A 4.5 kb Muncl3-4 mRNA transcript was 
detected in lung. spleen and testis (Figure 4). In heart muscle, 
kidney. liver, brain and skeletal muscle a very weak signal of 
similar size was detected. This demonstrates that in contrast to 
the brain-specific BAP3, Мипс13-4 is expressed in a more 
ubiquitous manner. 

For the basic protein chemical characterization of Muncl 3-4, 
we generated a polyclonal antibody to the C-terminus of Muncl 3- 
4 (residues 889-1088). The resulting rabbit antiserum was affinity- 
purified on immobilized antigen. Using the affinity-purified 
antibodies to Muncl3-4 in Western blots of HEK-293 cells, a 
115 kDa band was detected in cells transfected with the full- 
length eukaryotic Muncl3-4 expression construct pcDNA- 
Muncl3-4, but not in untransfected cells (Figure 5, left panel). A 
protein of the same size was detected by Western blot analysis in 
lung and spleen, confirming the non-neuronal expression pattern 
of Muncl3-4 as determined by mRNA blotting (Figure 5, right 
panel). Protein levels in other tissues expressing Muncl3-4 
mRNA were below the detection limit of the antibody. 

Мипс13-4 protein was most strongly expressed in lung, and 
our affinity purified antibodies to Muncl3-4 were essentially 
mono-specific for Muncl3-4 in Western blots of lung homo- 
genates (Figure 5, right panel). Therefore the distribution of 
Мипс13-4 was examined in lung by light microscopic immuno- 
cytochemistry, employing affinity-purified antibodies to Munc13- 
4. We found that Muncl13-4 was mainly present in goblet cells of 
the bronchial epithelium (Figure 6). Weaker staining was also 
observed in alveolar type П cells (results not shown). 


DISCUSSION 


With the exception of a ubiquitously expressed Muncl3-2 splice 
variant, rat Muncl3 proteins are expressed in a brain-specific 
manner [2,3]. Munc] 3-1, the most abundant isoform, is selectively 
targeted to presynaptic active zones where it plays an essential 
role in synaptic vesicle priming [4.7]. Since vesicle priming by 
Muncl3 proteins appears to be specific for glutamatergic neurons 
[7]. alternative pathways for (synaptic) vesicle priming have to be 
postulated for cells in which priming of secretory vesicles occurs 
(e.g. non-glutamatergic neurons or neuroendocrine cells). It is 
likely that some of these priming reactions, and particularly 
those that are taking place in neurons. are mediated by Muncl3- 
like proteins. In addition, unrelated proteins may participate in 
vesicle priming reactions as exemplified by the roles of 
phosphatidylinositol transfer protein, phosphatidylinositol 4- 
kinase, and phosphatidylinositol-4-phosphate 5-kinase in the 
priming of chromaffin granules [24]. 

In the present study, we attempted to find novel Munc13-like 
proteins with putative roles in the regulation of membrane 
trafficking processes. For this purpose we developed protein 
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profiles for two Muncl3 consensus sequences (designated MHDI 
and MHD2) as tools for the detection of Munc] 3-like proteins in 
database releases. Using these profiles we identified several 
proteins whose similarity to Muncl3 proteins was highly 
significant but had not been detected before (Figures | and 2). 
Apart from the yeast ORFs used in the initial development of 
MHD profiles, four A. thaliana proteins of unknown function, 
and a human protein with a putative role in cerebellar de- 
velopment, our analysis identified two extremely interesting 
protein families with similarity to Muncl3 proteins. One of these 
included rat CAPS and its C. elegans homologue unc-31 p. while 
the other one was represented by human and C. elegans BAP3 
and the Muncl3-4 protein cloned in the present study. 

Both CAPS and ипс-31р contain only MHDI and are other- 
wise unrelated to Muncl3 proteins (Figure 1). In PC12-cells 
CAPS is required for a post-priming Ca*'-dependent step in 
neurosecretion [21]. In brain CAPS is specifically localized to 
large dense-core vesicles whose secretion it appears to regulate in 
a manner similar to that in PCI2-cells [22.23]. The localization 
and function of CAPS is different from that of Muncl3-1, which 
is localized to presynapic active zones [4], not present on vesicles 
[3], and which mediates the vesicle priming step per se [7]. 
However, the involvement of CAPS and Munc13-1 in consecutive 
steps of vesicle secretion suggests that MHDI has similar 
functions in the two proteins. 

In contrast to CAPS, BAP3 and Muncl3-4 share the same 
domain structure and exhibit significant similarity with Muncl3 
proteins throughout their sequence, indicating that BAP3, 
Muncl3-4 and the three known Muncl3 isoforms are evol- 
utionary descendants of a common ancestor and have similar 
functional roles: Human BAP3 was originally identified as an 
interaction partner of BAII, a member of the secretin-receptor 
family [20]. Interestingly, BAI is distantly related to the Ca**- 
independent recepter for x-latrotoxin (CIRL), which is involved 
in the regulation of synaptic neurotransmitter release [25.26]. 
This link to transmitter secretion and the brain-specific expression 
pattern of BAP3 raise the possibility that BAP3 mediates synaptic 
vesicle priming in neurons that are independent of priming by 
Muncl3 isoforms (e.g. GABAergic neurons). Unlike BAP3, 
its homologue Munc13-4 is expressed in a ubiquitous fashion 
(Figures 4 and 5). Munc13-4 is strongly expressed in lung where 
it is mainly present in goblet cells of the bronchial epithelium 
(Figure 6) and alveolar type II cells (results not shown), suggesting 
a role in secretory processes. With the exception of an N-terminal 
splice variant of Muncl13-2, which also appears to be expressed 
outside of the nervous system ([27] and N. Brose, unpublished 
work), this identifies Muncl3-4 as the first bona fide ubiquitous 
Muncl3 isoform. 

Apart from the identification of novel Muncl3-like proteins. 
an important objective of the present study was to use the newly 
identified molecules in order to gain insight into the molecular 
or enzymic function of Muncl3 proteins and their relatives. 
Unfortunately, the function of the novel Muncl3-like proteins 
identified here is either completely unknown (as in the case of the 
A. thaliana proteins) or has only been analysed 'pheno- 
menologically! on the system or cellular level, but not in 
molecular terms. MHDs are present in organisms as phylo- 
genetically distant as yeast and mammals, and some mammalian 
MHD-bearing proteins are expressed in a ubiquitous manner, 
suggesting that these domains take part in molecular processes 
common to all organisms and cells. Although Muncl3 proteins 
(synaptic vesicle priming), CAPS/unc-3lp (large dense-core 
vesicle exocytosis) BAP3 (CIRL-binding, neurosecretion), 
yor296w (bud formation) and Muncl3-4 (present in secretory 
cells of the lung) are all linked to secretory processes of some 


sort, this common molecular role of MHDs remains unclear. In 
most of these molecules MHDs do not coincide with functionally 
characterized domains. Only the syntaxin-binding region of the 
known Muncl3 proteins [5] overlaps partially with MHD1, but 
Muncl3-4 does not bind syntaxins (H. Koch and N. Brose, 
unpublished work). 

The MHD profiles described in the present study are very 
useful tools for the identification of Muncl3-like proteins, that 
would otherwise have remained undetected. As with other 
conserved protein sequence domains, it is probable that the 
molecular role of MHDs will become evident once the ‘common 
theme' in the known MHD-bearing proteins is recognized. 
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FM1-43 reports plasma membrane phospholipid scrambling 


in T-lymphocytes 


Adam-ZWEIFACH' 


Department of Physiology and Blophyslcs and the Department of Immunology, University of Colorado Health Sciences Center, 4200 E. Sth Ave., 


Denver, CO 80262, U.S A 


We have found using imaging techniques that stimulating Jurkat 
human leukaemic T-cells with ionomycin in the presence of 
FM1-43, a dye used to monitor exocytosis and endocytosis, 
causes large (6-10-fold) increases in FM1-43 fluorescence. These 
responses are too large to be caused by exocytosis. Instead, three 
lines of evidence suggest that FM1-43 is responding to phospho- 
lipid scrambling. First, ionomycin also stimulates increases п the 
fluorescence of annexin V, a phosphatidylserine-specific probe, 
while thapsigargin does not stimulate fluorescence increases of 
either probe. Secondly, cells that exhibit FM1-43 fluorescence 
increases after ionomycin stimulation stain with annexin V once 
FM1-43 is washed out. Thirdly, ionomycin stimulates uptake of 


7-nitrobenz-2-oxa-1,3-diazole-labelled phosphatidylcholine, a 
specific assay for scramblase activity, whereas thapsigargin does 
not. We find that FM 1-43 reports phospholipid scrambling with 
‘better’ kinetics than annexin V, and does require extracellular 
Ca** to report phospholipid scrambling. We suggest that FM1- 
43 may be a useful probe to study the dynamics of phospholipid 
scrambling. The results are the first demonstration that FM 1-43 
can respond significantly to a biological process other than 
vesicular trafficking. 


Key words: annexin V, necrosis, phosphatidylserine exposure. 





INTRODUCTION 


Plasma membrane lipid composition is asymmetric in most 
healthy mammalian cells [1]. An aminophospholipid translocase 
ensures that essentially all membrane phosphatidylserine (PS) 
and phosphatidylethanolamine (PE) reside in the inner leaflet 
of the plasma membrane, while phosphatidylcholine (PC) and 
sphingomyelin (SM) are found in both leaflets. One of the 
earliest detectable events in cells undergoing apoptosis or necrosis 
is a disruption of normal plasma membrane lipid asymmetry, 
resulting in exposure of PS on the outer leaflet [2]. Exposed PS 
can activate the alternative pathway of complement [3,4] and act 
as a macrophage recognition signal [5], effects that contribute to 
the destruction and removal of dying cells Phospholipid scram- 
bling is also a key event ın the normal activation of platelets [6]. 
Because phospholipid scrambling is an early event in apoptotic 
or necrotic cell death [2], the development of a specific probe, 
annexin V, which identifies cells exposing PS [7], has contributed 
enormously to our understanding of the sequence of events 
leading to cell death. Annexin V, a recombinant protein that can 
be coupled with a fluorophore, binds to PS in the presence of 
extracellular Ca** (Ca**.) [8], making it possible to identify cells 
in the early stages of cell death and to follow the course of their 
progression through the process. 

FM1-43 is a styryl dye that has been used widely to monitor 
exocytosis and endocytosis [9]. It is essentially non-fluorescent in 
aqueous solution. Upon binding to membranes, its quantum 
yield increases several-hundredfold, and it is not able to cross 
from the outer to the inner leaflet of intact membranes [10]. In 
the present report, we provide evidence that FM 1-43 fluorescence 
is sensitive to changes in plasma membrane lipid composition 
that accompany phospholipid scrambling stimulated by iono- 
mycin in Jurkat human leukaemic T-cells. FM1-43 is likely to be 


a useful probe for monitoring phospholipid scrambling, as it 
reports scrambling with 'better' kinetics than annexin V, and 
does not require extracellular Ca?* to bind to scrambled 
membranes. These results are the first demonstration that FMI- 
43 can respond significantly to a biological process other than 
vesicular trafficking. 


MATERIALS AND METHODS 
Chemicals, reagents and cells 


Salts for physiological solutions and poly-L-lysine were from 
Sigma-Aldrich (St. Louis, MO, U.S.A.). Fura-2 AM and FMI- 
43 were from Molecular Probes (Eugene, OR, U.S A ). FITC- 
labelled annexin V was from R&D Systems (San Diego, CA, 
U.S.A.). Thapsigargin (TG) and ionomycin were purchased 
from Alexis Biochemicals (San Diego, CA, U.S.A.). C, NBD-PC 
was from Avanti Polar Lipids (Birmingham, AL, U.S.A.) (NBD 
is 7-nitrobenz-2-oxa-1,3-diazole). RPMI 1640 medium and tissue- 
culture plastic were obtained from Fisher Scientific (Pittsburgh, 
PA, U.S.A.). Fetal-calf serum, glutamine and antibiotics were 
purchased from Gemini Bioproducts (Calabassas, CA, U.S.A.). 
Jurkat E6-1 cells were provided by Dr Michael Cahalan (Uni- 
versity of California, Irvine, CA, U.S.A.), and were maintained in 
RPMI medium supplemented with 2 mM glutamine, 10% (v/v) 
heat-inactivated fetal-calf serum and antibiotics at 37°C in a 
humidified incubator. For experiments in which Fura-2 was used 
to assess membrane integrity, cells were loaded by incubating 
them with 1 4M Fura-2 acetoxymethyl ester (Fura-2 AM) in 
cell-culture medium for 30 min at room temperature. Cells were 
washed twice with fresh medium before use. Ringer’s solution 
contained (in mM): 145 NaCl, 4.5 KCl, 1 MgCl, 2 CaCl, 5 
Hepes and 10 glucose (adjusted to pH 7.4 with NaOH). Ca**-free 


Abbreviations used Cat, extracellular calcium, MC 540, merocyanine 540, PC, phosphatidyicholine, PE, phosphatidylethanolamine, PS, 
phosphatidylsenne, ROI, region of interest, SM, sphingomyelin, TG, thapsigargin, Fura-2 AM, Fura-2 acetoxymethyl ester, NBD, 7-nitrobenz-2-oxa-1,3- 


diazole 
‘e-mail. adam zweifach@UCHSC edu 


Q 2000 Biochemical Soclety 


256 A. Zweifach 





Ringer's solution was identical, except that CaCl, was replaced 
with Мес. 


Experiments were performed at room temperature with an 
imaging system described previously [11]. A Nikon PlanFluor 
40x oil objective (N.A 1.4) was used for all experiments. 
Excitation light was filtered with a 485 nm bandpass filter for 
FM1-43 and FITC-annexin У, and a 360 nm bandpass filter 
for Fura-2. Emitted light was collected with a 595 nm bandpass 
filter for FM 1-43, a 515 nm bandpass filter for FITC-annexin У. 
and a 510 nm bandpass filter for Fura-2. A Fura-BCECF [2',7 - 
bis-(2-carboxyethyl)-5(6)-carboxyfluorescein] dichroic mirror 


was used. Images were acquired with 8 x 8 binning at a rate of 


one frame every 15 s. Images were analysed by drawing regions 
of interest (ROIs) over cells, and also over a cell-free region that 
was used as a background for FM1-43 or FITC-annexin. The 
mean intensity for all the ROIs in an image was computed, and 
exported as a text file to Igor Pro (Wavemetrics, Lake Oswego. 
OR, U.S.A.) for further processing. After background sub- 
traction, single-cell fluorescence data were normalized to each 
cell’s pre-stimulation fluorescence intensity. 


NBD-PC uptake experiments 


Cells were incubated in normal Ringer's solution containing | 
i g/ml NBD-PC with or without either 1 #M ionomycin or TG 
for 20 min at room temperature, and then centrifuged and 
resuspended in Ca**-free Ringer's solution 5°, fatty-acid-free 
BSA for 5 min to extract outer leaflet NBD-PC. They were then 
washed twice with normal Ringer's solution, and examined on 
the imaging system using FITC filters. 


RESULTS 


lonomycin, but not TG, stimulates FM1-43 fluorescence increases 
in Jurkat cells 


Exposure of Jurkat cells to ionomycin in the continuous presence 
of 3.2 «M FMI-43 at room temperature caused large increases 
in FM1-43 fluorescence (Figure 1). On average, fluorescence in- 
creased to levels = 6-fold above control levels, although in some 
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Figure 1 lonomycin causes FM1-43 fluorescence increases 


^ 


cells fluorescence increased as much as 15-fold. There was 
considerable variability in the delay until cells began to respond. 
TG. a drug that activates Ca*' influx through Ca**-release- 
activated channels in Jurkat cells [12]. did not cause FM1-43 
brightening, and brightening was not observed when cells were 
stimulated with ionomycin in the absence of Са?” . When 
the fluorescence of cells loaded with Fura-2 AM was monitored 
at an excitation wavelength of 360 nm (the Ca*'-insensitive 
isosbestic wavelength) to assess plasma membrane integrity, a 
small number of cells demonstrated abrupt decreases in Fura-2 
fluorescence, consistent with plasma membrane disruption, but 
the majority (> 99",) did not. lonomycin-induced fluorescence 
increases were also observed with two other FM analogues [10]: 
FM2-10, а less hydrophobic FM dye, and FM4-64, which has a 
red-shifted excitation spectrum (results not shown). 

We investigated whether FM 1-43 fluorescence increases could 
be reversed by removing FMI-43 from the extracellular solu- 
поп. When FM 1-43 was washed out of the extracellular solution 
800-1000 s after ionomycin stimulation, fluorescence was reduced 
by 60-70°,,, to levels = 2-fold above unstimulated values. The 
= 30", of fluorescence that remains might reflect dye trapped 
in cells as a result of endocytosis. We found that the fluorescence 
of cells that did not brighten in response to ionomycin was also 
reduced by 60-70", upon washout of FM1-43 (results not 
shown). Thus a similar fraction of FM1-43 cannot be washed 
out of cells, whether they brighten or not. These results are 
consistent with the idea that dye internalization occurs at similar 
rates whether cells brighten or not, and that the internalized dye 
in cells that brighten is brighter because the dye in the membrane 
that was internalized was brighter. 


FM1-43 brightening is due to phospholipid scrambling 


The amount of FM1-43 brightening that was observed is too 
large to be due to exocytosis. Jurkat cells are not known to be 
secretory cells, although it is possible that ionomycin stimulates 
some exocytosis. For example, Chinese hamster ovary cells, 
considered, like Jurkat cells, to be non-secretory cells, increase 
their surface area by = 20-30 °, by exocytosis when intracellular 
calcium levels are raised to micromolar levels [13]. Membrane 
capacitance, a measure of cell-surface area, increases by a similar 
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(A) FM1-43 fluorescence images taken belore and 840 s after ionomycin stimulation. 2 x 2 birining was used for display purposes. (B) Representative single-cell fluorescence traces. Arrows indicate 


addition of ionomycin 
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Figure 2 lonomycin causes FiTC—annexin V fluorescence increases 
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(A) Annexin V fluorescence images taken before and 1440 s after ionomycin stimulation. 2 x 2 binning was used for display purposes. (B) Representative single-cell fluorescence traces. Arrows 


indicate addition of ionomycin 


amount (15—20°) in ionomycin-stimulated Jurkat cells (A. 
Zweifach and G. Burgett, unpublished work). We might therefore 
expect exocytosis to cause a 15-30 °,, increase in fluorescence, as 
increases in FM1-43 fluorescence are thought to correlate 1:1 
with exocytosis when FM1-43 is present іп the extracellular 
solution [14], except in cases in which secretory-granule contents 
are stained with FM1-43, casing enhanced fluorescence signals 
and visible single exocytic events [15,16]. Brightening of Jurkat 
cells in response to ionomycin was uniform, with no bright spots 
(Figure 1). Therefore, for exocytosis to cause 10-fold increases in 
FM 1-43 fluorescence, Jurkat cells would have to undergo more 
exocytosis than is observed upon massive stimulation of secretory 
cells such as mast cells [17] and chromaffin cells [18], in which 
surface area increases 2-5-fold. 

We conjectured, for the following three reasons, that the ЕМ I- 
43 fluorescence increases we observed might be due to phospho- 
lipid scrambling. First, previous work using flow cytometry has 
demonstrated that treatment of Jurkat human leukaemic T-cells 
with the calcium ionophore ionomycin results in rapid phospho- 
lipid scrambling, as detected by annexin V labelling [19]. con- 
sistent with the observation with Jurkat cells express high levels 
of the phospholipid scramblase [20]. Secondly, merocyanine 540 
(or MC 540), a styryl dye that is structurally related to FM 1-43, 
has been used to identify PS-exposing membranes [5]. MC 540 is 
believed to respond to decreases in lipid-packing density that 
accompany phospholipid scrambling. Thirdly, a recent study 
that examined the effect of lipid head-group charge on the 
apparent affinity of FM1-43 for lipid vesicles found that FM1-43 
displayed increased affinity for vesicles containing PG, a 
phospholipid with a negatively charged head group [21]. PS 
exposure might cause similar effects. 

To test the hypothesis that FM 1-43 is responding to phospho- 
lipid scrambling, we performed the following three experiments. 
First, we tested whether the conditions that cause FM1-43 
brightening also cause phospholipid scrambling, as assessed by 
the appearance of PS on the outer leaflet. We bathed cells in 
Ringer’s solution containing 100 ng/ml FITC-annexin V, and 
stimulated them with | #M ionomycin (Figure 2). Initially, most 
cells exhibited little or no annexin staining, indicating normal 
plasma membrane asymmetry. Approx. 100 s after exposure to 
ionomycin, some cells began to brighten. There was considerable 


heterogeneity in the delay until cells began to brighten. FITC 
annexin V fluorescence increased slowly and continuously in the 
cells that responded, with no sign of saturation over x 40 min 
(Figure 2). As with the results described above for FM 1-43, when 
the fluorescence of Fura-2 was monitored at an excitation 
wavelength of 360 nm to assess plasma membrane integrity, only 
a small number of cells demonstrated abrupt decreases in Fura- 
2 fluorescence. TG treatment did not cause increased staining 
with FITC-annexin over the 2 40-min observation time, con- 
sistent with a previous report [22]. and with our results with 
FMI-43. 

Secondly, we tested whether individual cells that display FMI- 
43 brightening had exposed PS (Figure 3). We stimulated cells 
with ionomycin in the presence of FM1-43. The extracellular 
solution contained 1 mM Ca** to reduce the number of re- 
sponding cells. Figure 3 shows images of a cluster of five cells 
using this protocol. In another experiment, in which an entire 
field of cells was monitored, 58 cells had brightened after 840 s. 
We then washed off FM1-43. The chamber was perfused with 
solution containing FITC-annexin V, and images were acquired 
x 1000 s later. Three FM-brightened cells washed away, but the 
remaining 55 were all FITC-annexin V-positive. Note that two 
cells that were not stained with FM1-43 were positive for 
FITC-annexin V. These cells may have exposed PS after FMI- 
43 was removed. Thus there is a good correlation between 
ЕМ 1-43 brightening and staining with FITC-annexin. Note that 
we could not perform double-labelling experiments using FMI- 
43 and FITC- or rhodamine-conjugated annexin V to determine 
whether cells that exhibited FM1-43 brightening had exposed 
PS, since FM 1-43 exhibits a broad emission spectrum that spans 
FITC and rhodamine emission wavelengths (+ 515-595 nm). 

Finally, we monitored phospholipid scramblase activity di- 
rectly by measuring uptake of NBD-labelled PC [6,23,24] (Figure 
4). Unstimulated control cells exhibited a low level of NBD-PC 
fluorescence, NBD-PC stained the plasma membrane, as well as 
intracellular organelles, consistent with previous reports that 
exogenous lipids label intracellular organelles [25]. Cells stimu- 
lated with ionomycin exhibited a 10-fold higher levels of NBD- 
PC fluorescence than controls, indicating that ionomycin treat- 
ment stimulated uptake of NBD-PC. As in the case of un- 
stimulated cells, both the plasma membrane and intracellular 
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A. FM1-43 


Figure 3 Cells that display FM1-43 brightening stain with annexin V 
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membranes were stained with NBD-PC. Consistent with the negative surface charge (see above). Note that when the identical 


results obtained with FTT C-annexin and FM 1-43, TG-stimulated 
cells were indistinguishable from control ones, indicating that 
NBD-PC uptake was not stimulated by TG treatment 


FM1-43 reports the kinetics of phospholipid scrambling with 
higher fidelity than annexin V 


\ striking difference between annexin V and ЕМ І 
is that annexin \ 
FM 1-43 
after 15-20 min (compare Figures | and 2). Saturation of FMI- 
43 brightening could reflect saturation of the ability of FM1-43 
to bind to membranes, oi that 
phospholipid scrambling has resulted in a stable new phospho- 
lipid composition of the outer leaflet. We performed two exper- 
iments to distinguish between these possibilities (Figure 5). First, 
we sumulated cells with ionomycin in the presence of 3.2 «М 
FMI-43. After 1245 s, the chamber was perfused with solution 
containing 6.4 «М FM1-43 (Figure 5A). Fluorescence approxi- 
mately doubled, indicating that the ability of FM 1-43 to bind to 
the membrane was not saturated. Secondly, cells were stimulated 
with ionomycin in normal Ringer's solution containing 3.2 «М 
FMI-43 (Figure 5B). After 1155 5, the chamber was perfused 
with EGTA /Ringer's solution lacking Ca**, but containing FMI- 


-43 brightening 


fluorescence increases continuously, whereas 


fluorescence begins earlier and reaches a steady state 


scrambled could indicate 


43. Fluorescence approximately doubled following perfusion of 


the chamber with Ca™ -free solution 
following removal of Ca* 


[he brightening observed 
Is consistent with the idea FM1-43 
responds to phospholipid scrambling, in part due to increased 


experiment was performed with annexin fluorescence de- 
baseline level within 305 (results not shown), 
consistent with the known Ca**-dependence of annexin V binding 
to PS [7]. Importantly, these results suggest that saturation of 
FM1-43 brightening does not reflect saturation of FM 1-43 
binding, but reflects rather the fact that membrane composition 


creased to the 


has reached a steadv state 

The slower time course of FITC-annexin V compared with 
FM 1-43 fluorescence increases, and the observation that FM 1-43 
apparently reports a stable phospholipid composition after 
15-20 min while FITC-annexin V does not, can be explained if 
FlTC-annexin V binds more slowly to scrambled membranes 
than FM1-43. If this is the case, the slow binding of FITC 
annexin V would distort the apparent kinetics of phospholipid 
scrambling. To test this, we performed the experiments illustrated 

Figure 5(C). Cells were stimulated with | ~M ionomycin in 
normal Ringer's solution. After FM1-43 fluorescence had in- 
creased to a stable elevated value, the chamber was perfused with 
FMI-43-free solution. As described above, fluorescence was re- 
duced by = 70°, by the washing procedure. The chamber was 
then perfused with normal Ringer's solution containing either 
FM 1-43 or FITC-annexin V, and the time course of fluorescence 
Increases was analysed. FM1-43 fluorescence increased rapidly 
after re-addition, reaching a steady-state level equivalent to the 
pre-washout level within two frames (30s). by contrast. when 
FlTC-annexin V was added washout of FM 1-43, 
fluorescence extremely We conclude that 
FITC-annexin V binding to PS-exposing membranes is extremely 
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Figure 5 FM1-43 fluorescence can Increase further after apparent saturation, and stains cells that have already scrambled phospholipids faster than 


FlTC-annexin V 


(A) Cells were stimulated with 1 «M ionomycin in normal Ringer's solution 4- 3.2 4M FM1-43. After stimulation (1245 s), the chamber was perfused with Ringer's containing 6.4 uM FM1-43 
Fluorescence Increased by = 100% (B) Cells were stimulated with 1 4M lonomycin in norma! Ringer's +-3.2 uM FM1-43 After stimulation (1140 s), the chamber was perfused with Ca^*-froe 
Ringers containing 3.2 uM FM1-43 Fluorescence Increased by œ 75%. (C) After cells were exposed to 1 uM lonomycin їп the presence of FM1-43 (1140 s) the chamber was perfused with 
normal Ringer's solution that did not contain FM1-43 The chamber was then perfused with Ringer's solution containing FM1-43 or annexin V Traces are normalized to the fluorescence remaining 
after washout of FM1-43 Note that FM1-43 fluorescence increased rapidly, attaining a steady-state level aker ~ 30 s, while аппехіп V fluorescence increases more slowly 


slow compared with FM1-43, and that the kinetics of phospho- 
lipid scrambling are faster than those reported with annexin V. 


DISCUSSION 


In the present paper, we provide evidence that FM 1-43 is 
sensitive to plasma membrane phospholipid scrambling. Note 
that, on the basis of analogy to MC 540, we might also expect 
FM1-43 to respond to changes in lipid-packing density unrelated 
to scrambling. It seems most likely that the effects we observed 
were due primarily to scrambling-induced changes in packing, 
since conditions that cause FM1-43 fluorescence increases 

cause scrambling, as assessed by either annexin staining or NBD- 
PC fluorescence increases. FM1-43 offers significant advantages 
over annexin V for the study of phospholipid scrambling FMI- 


43, unlike annexin V, does not require Са?+ to report phospho- . 


lipid scrambling (Figure 5B), so, studies designed to investigate 
the Ca**-dependence of phospholipid scrambling or apoptosis 
will be simpler to conduct with FM1-43 than with annexin V. 
FM1-43 binds more quickly to scrambled membranes than 
annexin V (Figure 5C), and is thus a more accurate reporter of 
the kinetics of phospholipid scrambling. Consistent with our 


results, a previous study found that annexin bound slowly to 
platelets that exposed POS [26]. It is possible to observe iono- 
mycin-induced FM1-43, but not FITC-annexin V, fluorescence 
increases in Jurkat cells using a spectrofluorimeter (A. Zweifach, 
unpublished work), because the quantum yield of FM1-43 
increases several-hundredfold when ıt partitions into lipid bi- 
layers. In contrast, total ЕТТС-аппехіп V fluorescence does not 
increase, but rather redistributes from the extracellular solution 
to membrane. FM 1-43 is significantly less expensive than annexin 
V. FM1-43 also brightly stains cells that have been induced to 
undergo apoptosis by UV-irradiation (A. Zweifach, unpublished 
work), suggesting that FM1-43 may be used to identify cells 1n 
the earliest stages of apoptosis. Note that one disadvantage of 
the use of FM 1-43 as a reporter of phospholipid scrambling 1s its 
broad emission spectrum (515-595 nm), which makes it difficult 
to use a second fluorophore that emits in either the FITC or 
rhodamine channels. 

Our results are the first report that a process other than 
vesicular trafficking can cause significant increases in FM1-43 
fluorescence. That FM1-43 can give large responses to phospho- 
lipid scrambling is a significant caveat for its use as an optical 
probe of exocytosis and endocytosis. , 
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A single amino acid substitution (Trp9*5 — Ala) іп the interbox1/2 region of 
the interleukin-6 signal transducer gp130 abrogates binding of JAK1, and 


dominantly impairs signal transduction 


Claude HAAN, Heike M. HERMANNS, Peter C. HEINRICH' and Iris BEHRMANN 


Department of Brochemistry, RWTH Aachen, Pauwelsstr 30, 52074 Aachen, Germany 


gp130 is the common signal-transducing' receptor chain of 
interleukin (IL)-6-type cytokines. Here we describe, for the first 
time, a single amino acid substitution (Ттр — Ala) in the 
membrane-proximal interbox1/2 region that abrogates activa- 
tion of STAT (signal transducer and activator of transcription) 
transcription factors and the proliferative response of pro-B-cell 
transfectants. Moreover, association of the Janus kinase ЈАК 1 is 


prevented. No signalling of heterodimeric IL-5 receptor (IL- 
5R)/gp130 chimaeras occurs in COS-7 cells, even when only a 
single cytoplasmic chain of a gp130 dimer contains the Trp***Ala 
mutation, indicating that it acts dominantly. 


Key words: cytokine receptor, interleukins, Jak/STAT pathway, 
Janus kinase. 





INTRODUCTION 


Interleukin (1L)-6 is a pleiotropic cytokine that plays a central 
role in host defence, e.g. it induces the acute-phase response and 
mediates proliferation and differentiation of B- and T-cells. 
Overexpression has been implicated in the pathology of a number 
of diseases, such as rheumatoid arthritis, Castleman's disease 
and multiple myeloma [1,2]. 

IL-6 belongs to a family of cytokines including IL-11, leuk- 
aemia inhibitory factor, oncostatin M, ciliary neurotrophic 
factor, cardiotrophin-1 and novel neurotrophin-1/B-cell-stimu- 
lating factor-3. These IL-6-type cytokines have overlapping 
functions, which might be explained by the fact that they all 
share gp130 as part of their multicomponent signalling receptor 
complexes. Whereas IL-6 and IL-11 induce homodimerization of 
gp130 after binding to their respective ligand-specific a-receptors, 
the others induce the heterodimerization of gp130 with the 
leukaemia 1nhibitory factor- or oncostatin M-receptor [1,3]. 

Like other cytokine receptors, gp130 transduces signals via the 
JAK/STAT (Janus kinase/signal transducers and activators of 
transcription) pathway. JAKs, which are cytoplasmic tyrosine 
kinases of the Janus family, are preassociated with the receptor. 
Upon cytokine-induced receptor aggregation, the JAKs are 
thought to transphosphorylate, and thereby autoactivate them- 
selves. The kinases subsequently phosphorylate tyrosine residues 
in the receptor, providing docking sites for SH2-domain-con- 
taining signalling proteins. These include transcription factors of 
the STAT family. Upon phosphorylation, STATs translocate 
to the nucleus, where they bind to specific DNA sequences in the 
promoter regions of their target genes. In addition, phosphatases 
(SHP-1, SHP-2) and adaptor proteins, such as She, are recruited 
to certain receptors, thereby creating a link to the Ras/ 
Raf/mitogen-activated protein kinase pathway [4,5]. 

The family of JAKs comprises four mammalian homologues: 
ЈАКІ, JAK2, JAK3 and Tyk2. Cytokines utilizing gp130 have 
been reported to activate JAK1, JAK2 and Tyk2. Among 
these, JAK I is essential for signal transduction, as demonstrated 
for JAK.1-deficient fibrosarcoma cells and for cells derived from 


JAK1 knock-out mice [6,7]. The N-terminal half (~ 600 amino 
acids) of the JAKs is involved in receptor binding, whereas the 
C-terminal region contains the kinase and the pseudokinase 
domains [8]. | 

The membrane-proximal part of gp130 contains sequences 
that are conserved among various cytokine receptors and are 
crucial for JAK activation: boxl, a proline-rich motif of eight 
amino acids, and box2, a cluster of hydrophobic residues followed 
by positively charged amino acids. Point mutations of amino 
acid residues in box! of gp130 led to impaired binding [9] and 
activation [9,10] of JAKs, and abolished the proliferative 
response of stable Ba/F3 pro-B-cell transfectants after cytokine 
stimulation [11]. Although deletion of box2 did not abrogate 
binding to an overexpressed JAK2 construct [9], a truncated 
receptor lacking box2 was unable to sustain a proliferative 
response in Ba/F3 cells [11]. Apart from box] and box2, regions 
N-terminally located to boxl, between boxl and box2, or C- 
terminally located to box2 have been implicated in JAK binding 
and activation in certain receptors [12-19]. 

In the present paper, we show that an aromatic residue, 
Trp**5, in the interbox1/2 region is crucial for JAK binding to 
gp130. Receptor constructs with a single point mutation at this 
position are no longer able to associate with ЈАК І. Moreover, 
using heterodimeric receptor chimaeras, we found that Trp*** 
has to be present in both chains of a functional gp130 dimer to 
allow signalling to occur. 


MATERIALS AND METHODS 
Cell culture and transfection 


Simian monkey kidney cells (COS-7 cells) were maintained in 
Dulbecco's modified Eagle's medium (DMEM) supplemented 
with 1095 (v/v) fetal-calf serum (FCS), 100 mg/l streptomycin 
and 60 mg/l penicillin. Cells were grown at 37 °С in a water- 
saturated atmosphere in air/CO, (19:1). COS-7 cells were 
transiently transfected using the DEA E/chloroquine transfection 
method, with modifications as described previously [20]. 


Abbreviations used: DMEM, Dulbecco's modified Eagle's medium, EMSA, electrophoretic mobility-shift assay, EPOR, erythropoletin receptor, FCS, 
fetal-calf serum, JAK, Janus kinase, IL, interleukin; sIL-6R, soluble IL-6 receptor, SIE, srs-Inducible element of the c-fos promoter, STAT, signal 


transducer and activator of transcnption, WT, wild-type 
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Ba/F3 cells were transfected by electroporation of 28 ug of 
either pSVLgp130 or the mutant constructs (see Figure 1), and 
2 ug of pSV2neo using 3.5 x 10° cells in 0.8 ml of medium at 
200 V and 70 ms. Selection with G418 (1 mg/ml) in IL-3- 
conditioned medium was initiated 24 h after transfection. Selec- 
ted Ba/F3 clones were screened by flow cytometry for cell- 
surface expression of gp130. Recombinant IL-6 was prepared as 
described previously [21]. The specific activity was 2 x 105 B-cell 
stimulatory factor-2 units/mg protein Soluble IL-6 receptor 
(sIL-6R) was prepared in insect cells, as described previously 
[22]. 


Cell proliferatlon assay 


Ba/F3 cells (2x109) expressing the receptor mutants were 
cultured in DMEM containing the indicated concentrations of 
IL-6 and 1 ug/ml sIL-6Ra, or conditioned medium from X63A g- 
653 BPV-IL-3 myeloma cells as a source of IL-3. After 72 h of 
incubation, viable and metabolically active cells were quantified 
using the colorimetric cell proliferation kit, XTT (Boehringer 
Mannheim, Mannheim, Germany), as described by the manu- 
facturer. 


Construction of gp130 and IL-5Ro/fP-gp130 mutants 


Standard cloning procedures were performed throughout the 
present study. The mutations were introduced by the technique 
of PCR. The primers used were 5 -АТТСТССТСТТТСАСТА- 
3' (sense) and 5'-CTGGGCAAAATACCATCAC-3' (antisense). 
The primers used for introducing the mutations were as follows: 
for the mutation Aboxl, S-AAAAAACACTCAAAGAGTC- 
ATATTGCCC-3 (sense) and 5-АСТСТТТСАСТСТТТТТ- 
TAATTAGGTCTCG-3’ (antisense); and for Trp***Ala, 5'- 
TITGCCCAGGCGTCACCTCACACTCCTCC-3. (sense) and 
S-TGAGGTGACGCCTGGGCAATATGACTCTTTG-3 
(antisense). The nucleotides that are underlined indicate the 
position where the mutation was introduced. 

The restriction enzymes used for cloning the Trp***Ala PCR- 
amplified fragment into the pSVL-based expression vector for 
gp130 [23] were EcoRI and Aspl. For insertion of the PCR 
fragments into the expression vector for IL-5R/gp130 [24], 
EcoRI-BstEII (Abox1) and EcoRI—Aspl (Trp***Ala) restriction 
sites were used. The corresponding IL-5Ra/gpi30 chimaeras 
were generated by exchange of the Xhol-EcoR] fragment en- 
coding the extracellular domain of IL-5RZ with the one encoding 
the extracellular part of IL-SRa. The gpi30AMP mutant was 
generated by exchanging the region encoding the ectodomain of 
the construct IL-5R£/gp130ABB23 [25] with the region encoding 
the extracellular part of gp130 using Xhol and EcoRI restriction 
sites. The integnty of all constructs was verified by DNA 
sequencing. 


Flow cytometry 


Transiently transfected COS-7 cells or stably transfected Ba/F3- 
gp130 cells were resuspended in cold PBS supplemented with 5% 
(v/v) FCS and 0.1% (w/v) sodium azide (PBS/azide). Cells 
(5 x 10° to 1x 105) in 100 ul of PBS/azide were incubated with 
1 ng/ml of the corresponding monoclonal antibodies, anti-gp130 
antibody BP8 (kindly provided by J. Wijdenes, Diaclone, 
Besançon, France), anti-IL-5Ra antibody 16-4 (kindly provided 
by J. Tavernier, University of Ghent, Ghent, Belgium) or anti- 
IL-5Rf antibody S16 (Santa Cruz, Heidelberg, Germany) for 
30 min at 4 ?C. Cells were then washed with cold PBS/azide. To 
detect the antibodies bound to the full-length gp130, the cells 
were subsequently incubated in the dark with a 1:50 dilution of 
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an R-phycoerythrin-conjugated anti-(mouse IgG) Fab fragment 
(Dianova, Hamburg, Germany) for 30 min at 4°C. Cells were 
again washed with cold PBS/azide, and then were resuspended in 
PBS/azide with 1% (v/v) formaldehyde. From each sample, 10* 
cells were analysed by flow cytometry using a FACScalibur 
(Beckton-Dickinson, Heidelberg, Germany) equipped with a 
488-nm argon laser. 


Electrophoretic mobility-shift assays (EMSAs) 


Cells were stimulated with 20 ng IL-6/ml and 1 ug sIL-6R /ml 
for 15 min, or with 10 ng IL-5/ml (Cell Concepts, Umkirch, 
Germany) for 30 min. EMSAs were performed as described 
previously [26]. Protein concentrations were measured with 
the BioRad™ protein assay. A double-stranded mutated sis- 
inducible element (SIE)-oligonucleotide from the c-fos promoter 
(m67SIE: 5'-GATCCGGGAGGGATTTACGGGAAATGC- 
TG-3) was labelled by filling-in 5’-protruding ends with the 
Klenow enzyme, using [a-**P]dATP (3000 Ci/ml). This probe 
binds STAT1 and STAT3 homo- and hetero-dimers, resulting 
in retarded bands of different mobilities. Nuclear extracts 
containing Sug of protein were incubated with approx. 
10 fmol (10000 c.p.m.) of probe in gel-shift incubation buffer 
[10mM Hepes, pH7.8/1mM EDTA/5mM MsCl,/10% 
(v/v) glycerol/5 mM dithiothreitol/0.7 mM PMSF/0.1 mg/ml 
poly(dI-C)/1 mg/ml BSA] for 10 min at room temperature. The 
protein-DNA complexes were separated on a 4.5% (w/v) 
polyacrylamide gel containing 7.5 % (v/v) glycerol in 0.25 x TBE 
(where 1 x TBE is 45 mM Tris/borate/1 mM EDTA) at 20 V/cm 
for 4h Gels were fixed in an aqueous solution of 10% (v/v) 
methanol and 10% (v/v) acetic acid for 30 min, dried and then 
autoradiography was performed. 


Cell lysis, immunoprecipitation and Western blot analysis 


Cells were lysed on the dish with 500 д1 of lysis buffer containing 
1% Brij-96, 20 mM Tris/HCl, pH 7.5, 150 mM NaCl, 10 mM 
NaF, 1 mM sodium vanadate, 10 mM PMSF, 1 mM benzamidin, 
5 ug/ml aprotinin, 3 ug/ml pepstatin, 5 ug/ml leupeptin and 
1 mM EDTA. Lysates were cleared by centrifugation at 12000 g. 
A monoclonal antibody raised against human IL5-R (S16; 
Santa Cruz) was used for immunoprecipitation. After incubation 
overnight at 4°C, the immunoprecipitates were collected by 
chromatography with protein A-Sepharose (1 h, 4 °C), washed 
three times with washing buffer (0.1 95 Brij 96/20 mM Tris/HCI, 
pH 7.5/150 mM NaCi/10 mM NaF/1 mM sodium vanadate/ 
10 mM PMSF/1 mM benzamidin/5 ug/ml aprotinin/3 ug/ml 
pepstatin/5 ug/mlleupeptin/1 mM EDTA) and analysed further 
by SDS/PAGE The proteins were transferred to a PVDF 
membrane (Amersham, Braunschweig, Germany), probed with 
the respective antibodies and detected for signals using the ECL® 
system (Amersham). Anti-IL5RZ (N20, Santa Cruz) and anti- 
JAK1 polyclonal antisera (kindly provided by A. Zaiemicki, 
University of Bern, Switzerland) were used for detection. The 
horseradish-peroxidase-conjugated secondary antibodies were 
purchased from Dako (Copenhagen, Denmark). 


RESULTS 


A single amino acid substitution, Trp®°Ala, in the Interbox1/2 
region of gp130 leads to total abortion of the proliferative 
response of stably transfected Ba/F3 cells 


The boxl region of gp130, comprising a number of conserved 
hydrophobic residues, has been shown to be involved in ЈАК. 
activation and mediation of proliferative responses in Ba/F3 
transfectants [10,11]. In the present work, we mutated a bulky 
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Figure 1 Schematic representation of the receptors used in the present 
study 


The receptors consist of the extracellular region of gp130. IL-5Ra ог IL-5R/7, and the 
transmembrane and intracellular regions of gp130. Deletions and point mutations were 
introduced into the membrane-proximal part of gp130. as indicated 


hydrophobic amino acid, Trp'**, in the inter-box1/2 region of 


gp130 to alanine (Figure 1), since protein-protein interactions 
are often mediated by hydrophobic residues. As a negative 
control, we constructed gpl30AMP with a deletion of the 
membrane-proximal amino acids 643-666, including boxl1. We 
generated stable Ba/F3 transfectants with a similar surface 
expression of gp130, or the mutants thereof (Figure 2A). The 
gp130 wild-type (WT) and mutant (AMP and Trp***Ala) Ba/F3 


transfectants were cultured for 72 h with increasing amounts of 


IL-6 in the presence of the sIL-6R, which is known to act 
agonistically [27,28]. Subsequently, the metabolically active cells 
were quantified (Figure 2B). The cells expressing gpl30WT 
proliferated at concentrations of IL-6 as low as 3.3 ng/ml, 
whereas the transfectants expressing the mutant receptors AMP 
and Trp***Ala did not proliferate even at the highest IL-6 
concentrations tested. However, all Ba/F3 clones expressing 
gpl30WT or mutant receptors proliferated IL-3-dependently, 
demonstrating that their cell-growth machinery was functional. 
Thus the presence of Тгр® in the cytoplasmic region of gp130 is 
crucial for the proliferative response of Ba/F3-gp130 trans- 
fectants upon stimulation with IL-6/sIL-6R. 


Mutation of Trp** to alanine prevents the activation of STAT3 
factors in stably transfected Ba/F3 cells 


After having demonstrated the inability of the mutant gp130 
Trp*^^Ala to mediate proliferation of stably transfected Ba/F3 
cells, we investigated its capability to activate STAT transcrip- 
tion factors upon cytokine treatment. STAT activation is known 
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Figure 2 The mutations AMP and Trp™Ala abrogate the gp130-mediated 
proliferative response in Ba/F3 transtectants 


(A) Surface expression of gp130 on stable Ba/F3 clones. Parental cells and transfectants were 
incubated with the anti-gp130 monoclonal antibody ВР-8, and subsequently with phycoerythrin 
conjugated anti-mouse IgG(ab')2 (filled-in traces), The cells treated with secondary antibody 
alone are represented by dotted-line traces. (B) Proliteration of Ba/F3 transtectants. Cells were 
cultured for 4 days with increasing amounts of IL-6 in the presence of 1 g/ml sIL-6Ra. Cell 
growth was assessed by an XTT test, and is represented as the percentage of the values 
obtained with IL-3 (set to 100%) 


to be necessary for gpl30-mediated proliferation of Ba/F3 
tranfectants [29,30]. Three independent cell clones (Trp***Ala /3, 
Trp""^Ala/6 and Trp"**Ala/7; Figure 3) were stimulated with 
20 ng/ml IL-6 and li/g/ml sIL-6Rx for 30 min, nuclear extracts 
were prepared and analysed by EMSA with the radiolabelled SIE 
probe (Figure 3). In contrast with gpl30WT, mutant gpl30 
Trp""Ala was not able to induce STAT3 activation upon 
sumulation with IL-6/sIL-6Rzx. 


Mutation of Trp** to alanine impairs JAK1 binding as potently as 
deletion of the box1 region 


Since JAKs have been shown previously [4] to bind to the 
membrane-proximal region of cytokine receptors, the failure of 
the Trp*’*Ala mutant to induce STAT3 activation might reflect 
its inability to bind JAKs. Because of the low expression levels of 
gpl 30WT and mutant proteins in Ba/F3 cells, co-precipitation 
experiments did not yield satisfactory results. Therefore we 
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Figure 3 A single point mutation in gp130 (Trp"*Ala) abrogates STAT3 
activation 


Stable Ba/F3 transfectants expressing gp130 or the gp130Trp'^ Ala mutant (three independent 
clones: Trp™*Ala/3, Trp*95Aja/6 and Trp™°Ala/7) were stimulated for 30 min with 20 ng 
IL-6/ml +1 g/ml slL-6Ra. Nuclear extracts were prepared and analysed by EMSA using 


the SIE probe, 
—— HE. 
IP: a-IL-5RB Е A t 
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Figure 4  Gp130.fbox1 and gp130Trp™*Ala mutants do not associate with 
JAK1 


Transiently transfected COS-7 cells expressing IL-5R/7/gp130WT or mutants, as indicated, were 
lysed and subjected to immunoprecipitation using an anti-(1L-5R/7) monoclonal antibody (516), 
as described in the Materials and methods section 


switched to COS-7 cells, which can be efficiently transfected and 
yield high levels of heterologously expressed proteins. However, 
since COS-7 cells contain endogenous gpl30, we transiently 
expressed chimaeric receptors consisting of the extracellular part 
of the IL-5R/ chain and the transmembrane and intracellular 
parts of gp130WT, gp130Abox1 or gp130 Trp"^*Ala respectively. 
The chimaeric receptors were immunoprecipitated with an 
IL-5R -specific antibody. Immunoprecipitates were analysed 
further by SDS/PAGE and Western blotting. Co-precipitation of 
ЈАК І was detected using a JAK I-specific antibody. Whereas the 
gpl30WT construct bound JAKI efficiently, association of the 
kinase with the Abox! and Trp'**Ala mutants was greatly 
impaired (Figure 4). Therefore the inability of the Trp""Ala 
mutant to associate with JAKI is likely to account for the lack 
of receptor function. 


Both chains of a functional gp130 dimer have to associate 
with JAKs 


The use of heterodimeric receptor chimaeras on the basis of 
IL-SRx- and /-chains enabled us to induce the dimerization 
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Figure 5 Gp130 mutants unable to associate with JAK1 prevent signal 
transduction even when dimerized with a WT gp130 construct 


(A) Mutations were introduced into both chains of the gp130 dimer. (B) Dimerization of one 
WT with а mutant chain. COS-7 cells were transiently transfected with chimaeric expression 
constructs, as indicated. Post-transtection (48 to 72 h), the cells were starved (0% FCS) for 6 1, 
before they were stimulated with 10 ng/ml IL-5 for 30 min, Nuclear extracts were prepared and 
analysed by EMSA using the SIE probe. In contrast with Ba/F3 celis (Figure 2), only STAT? 
was activated gp130-dependently in COS-7 cells, as observed previously [20.24] 


of the cytoplasmic parts of a gp130 mutant with a WT receptor 
construct. Thus we could investigate whether both chains of à 
gp130 dimer have to associate with JAKs to activate STATS. 
COS-7 cells were transiently co-transfected with IL-5Rx 
and IL-SR// expression constructs, as depicted in Figure 5. WT 
and mutant constructs were expressed on the cell surface to à 
similar level, as determined by flow cytometry (results not shown). 
After stimulation with IL-5, nuclear extracts were analysed by 
EMSA. Homodimerization of two gp130WT cytoplasmic chains 
induced a strong STAT signal (Figure 5). Interestingly, IL-5- 
induced dimerization of one WT with one mutant chain that was 
unable to associate with JAK] (Trp***Ala or Aboxl) did not 
elicit a STAT signal. This shows that even a single point mutation 
that abrogates JAK association in one chain of a gp130 dimer is 
detrimental to the signalling capacity of such a receptor complex. 


DISCUSSION 


This is the first report showing that exchange of a single amino 
acid residue (Trp'**) in the cytoplasmic region of gp130 results in 
a receptor that is functionally inactive. Moreover, we have 
shown that a residue outside the conserved boxl and box2 
regions of gp130 is important for coupling with JAKs. Finally, 
we provide evidence that the Trp***Ala mutation even prevents 
receptor function when dimerized with the corresponding 
gpl30WT cytoplasmic region. 

To date, it was known that point mutations of two proline 
residues in box! of gpl30 led to impaired binding [9] and 
activation [9.10] of JAKs, and abolished the proliferative response 
in stable Ba/F3 pro-B-cell transfectants after cytokine stimu- 
lation [11]. In addition, combined point mutations of an 
isoleucine, a tryptophan and a valine residue within box], or of 
five positively charged amino acid residues in the region between 
box! and box2. abolished the growth response in Ba/F3 trans- 
fectants, but the cause for this was not analysed further [11]. A 
truncated receptor lacking box2 was also unable to mediate 
proliferation in Ba/F3 cells [11]. although deletion of box2 did 
not abrogate binding to an overexpressed JAK2 construct [9]. 
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Our data provide evidence that the gp130 region between box] 
and box2 is also important for the interaction of gp130 and 
ЈАК 1. The interaction of JAKs with cytokine receptors seems to 
be complex, and with large N-terminal portions of the kinases 
implicated in the mechanism. Thus it is not surprising that 
receptor regions in addition to boxl are necessary for JAKI 
association. Hydrophobic interactions beween gp130 and 
JAKI might well involve other residues in the membrane- 
proximal region, which is currently under investigation. 

We cannot rule out, however, the possibility that Trp?*? plays 
a structural role (rather than being a direct binding partner for 
JAKs), so that its substitution by alanine would destroy the 
structural interface of the receptor necessary for JAK association. 
The three-dimensional structure of the cytoplasmic region of 
gp130 (or other members of the cytokine receptor family) still 
awaits elucidation. 

The importance of tryptophan residues in the interbox1/2 
regions has been studied for other receptors: replacement of 
Trp*? with arginine for the human granulocyte colony stimu- 
lating factor receptor, or replacement of Trp*?? of the erythro- 
poietin receptor (EPOR) with arginine resulted in non-functional 
receptors [12,17]. For the EPOR mutant, association with JAK2 
has been observed [18,31], or, conversely, could not be detected 
[32]. Mutation of Trp"'! in the IL-2R to glycine abrogated both 
association of JAK1 and JAK3 [19] and the ability of the 
mutated receptors to transmit proliferative signals [14,19]. How- 
ever, replacement of Trp*'! with alanine [16] or arginine [17] did 
not impair IL-2R function. Thus ıt seems difficult to draw 
general conclusions about the relevance of tryptophan residues 
in the interbox1/2 region for cytokine receptor function. 

A further finding of this study is that mutation of Trp* in just 
one chain of a gp130 dimer inactivates the receptor complex. The 
recruitment of JAKs by a single receptor chain is in itself not 
sufficient to induce a further downstream signal (Figure 5). 
Previously, we have shown that combination of an IL-5Ra/ 
gp130 full-length chimaera with IL-5RA/gpl130Acyt (a mutant 
lacking the whole cytoplasmic region) is inactive, whereas the 
combination of an IL-5Ra/gp130 full-length chimaera with IL- 
5SRZ/8gp130AB (a truncation mutant retaining only the mem- 
brane-proximal 68 amino acids and associating with JAKs) has 
the ability to activate STATs [20,24]. In addition, for other 
receptor systems evidence is provided that JAKs have to bind to 
both chains of a receptor dimer [31,33,34], thereby supporting 
the concept that two JAKs have to be brought into proximity 
upon cytokine-induced receptor dimerization to mediate their 
mutual activation by transphosphorylation. In addition, JAKs 
might have scaffolding functions, as suggested for the interferon 
a-receptor system [35]. 

The results of our study suggest that gp130 with only a single 
point mutation at position Trp*** should suppress signalling of 
the WT receptor in a dominant-negative fashion. This may be 
of interest for potential future therapeutic interventions, e.g. to 
inhibit the growth of IL-6-dependent plasmacytoma cells. 
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Non-linear antigenic regions in epidermal growth factor (EGF) and 
transforming growth factor œ (TGF) studied by EGF-TGFo chimaeras 
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Marianne J. H. VAN VUGT and Everardus J. J. VAN ZOELEN 


Department of Cell Biology, University of Nijmegen, Toernoolveld 1, 6525 ED Nijmegen, The Netherlands 


With the help of 16 chimaeras between human epidermal growth 
factor (hEGF) and human transforming growth factor a 
(hTGFa), a detailed analysis was performed on the epitope 
recognized by two polyclonal antibodies raised against hEGF, 
and one polyclonal antibody raised against hTGFa. All three 
antibodies recognized essentially the same antigenic site, a non- 
linear and conformation-dependent sequence that is located near 
the second and fourth disulphide-bonded cysteines and that 
includes the start of the B-loop £-sheet. The epitope recognized 
by the anti-hEGF antibodies was further characterized using 8 


chimaeras between hEGF and an EGF-repeat from Drosophila 
Notch and was found to include Met?!, Ala™® and Asn”. All 
three polyclonal antibodies were able to neutralize the biological 
activity of the respective growth factor when tested on 32D 
murine haematopoietic progenitor cells transfected with ErbB-1, 
indicating that the receptor binding domain is shielded upon 
binding of the antibody. 


Key words: antibodies, conformation-dependent, epitope map- 
ping, discontinuous. 





INTRODUCTION 


Human epidermal growth factor (hEGF) and human trans- 
forming growth factor а (hTGFa) are single-chain polypeptides 
of 53 and 50 amino acids respectively [1]. The polypeptide chain 
is folded in a well-defined conformation, which is largely de- 
termined by the presence of six identically spaced disulphide- 
bonded cysteine residues and two highly conserved glycine 
residues. The structures of hEGF and hTGFa can be divided 
into three disulphide-bonded loops: the A-loop (residues 6-19) 
containing some a-helical structure, the B-loop (residues 20—31) 
forming a two-stranded anti-parallel f-sheet, and the C-loop 
(residues 33-42), which 1s part of a second f-sheet structure. 
Between the fourth and fifth cysteine residues a single amino acid 
(Азп?? in hEGF and Val? in hTGFa) functions as a hinge. The 
loops are linked to linear sequences at both the N- and C-termini 
[1]. 
EGF and ТСЕ bind to and activate a tyrosine kinase receptor 
known as the EGF receptor or ErbB-1, and by virtue of this 
interaction they are potent mitogens that stimulate cellular 
proliferation and differentiation 1n a wide variety of cell types 
[2,3]. High expression. of members of the EGF family, in 
particular TGFa, has been found in several human cancers 
and the co-expression of EGF receptors in these tumours in- 
creases the possibility of autocrine growth stimulation. In 
general, high expression of TGFa in human malignant effusions 
has been found to correlate with poor prognosis [4-6]. In the 
past, antisera have been generated as a diagnostic tool to detect 
EGF and TGFa expression in tissue samples. In addition, 
monoclonal and site-specific polyclonal antibodies have been 
used in fundamental research to identify functional epitopes. 
Antigenic regions in TGFa have been identified in the past 
either by the ability of anti-peptide antisera to recognize native 
TGFa [7-9] or by the ability of anti-TGFa antibodies to react 
with linear peptide fragments that cover the entire sequence of 


the protein [10—12]. In this way both the N-terminal tail (residues 
1-9), the B-loop (residues 22-34) as well as the C-terminus 
(residues 34—50) were found to be immunoreactive sites. 

Similar studies on the antigenic sites in EGF have recognized 
the B-loop (residues 22-32) as an immunodominant region [13]. 
On the other hand, when polyclonal antisera were raised against 
the intact protein all kinds of monospecific antibodies could be 
identified, by affinity purification, against peptide fragments 
encompassing the entire EGF sequence [13]. This indicates that 
antigenic regions are present over the entire molecule. However, 
it gives no information on the most prevalent immunoreactive 
site in EGF. 

Using linear peptide fragments to either map epitopes or 
identify immunodominant regions on proteins has the disad- 
vantage that only linear, non-conformational, epitopes can be 
detected, whereas discontinuous or conformational epitopes re- 
main unrevealed. Thus several monoclonal antibodies raised 
against native EGF or TGFa were found to be unable to bind 
any of the linear peptide fragments and showed no affinity for the 
intact protein after reduction of disulphide bridges. This indicates 
that they recognize a thus far unknown conformational epitope 
[12,13]. 

To identify regions important for receptor binding, we have 
previously constructed a large panel of hEGF-hTGFa chimaeras 
[14,15] as well as chimaeras between hEGF and an EGF repeat 
from Drosophila Notch, a 300 kDa transmembrane protein with 
no apparent growth-factor activity [16,17]. In these chimaeras 
domains have been exchanged at the sites of the highly conserved 
cysteine residues to ensure optimal protein folding and biological 
activity. Fine-tuning to individual amino acids was achieved by 
selective reintroduction of EGF-derived residues [16]. With these 
chimaeras we were able to identify the minimal requirements for 
EGF receptor recognition in terms of loop-size and amino acid 
identity. Several antibodies raised against native EGF or TGFa 
are commercially available nowadays, but the epitopes they 


Abbreviations used hEGF, human epidermal growth factor, hTGFa, human transforming growth factor с, ant-hTGFa9129, residues 9129-8024 of 
mature human recombinant TGFa, IGF-1, type | insulin-like growth factor, IL-3, interleukin-3, МТТ, 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl-2H- 


tetrazolium bromide, ECL, enhanced chemiluminescence 
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recognize are unknown. Since anti-EGF and anti-TGFa anti- 
bodies are usually not cross-reactive, due to the relatively low 
sequence similarity (42 95) between these related growth factors, 
EGF-TGF« chimaeras can be expected to be valuable tools for 
epitope mapping that will overcome the limitations encountered 
by using linear peptide sequences. In the present study we set out 
to identify the most predominant antigenic site(s), including non- 
hnear or conformational epitopes, recognized by three com- 
mercially available polyclonal antisera, two of which were raised 
against native hEGF and one against native hTGFa. 


EXPERIMENTAL 
Antibodies 


Ab-3 (Oncogene Research Products, Cambndge, MA, U.S.A.) 
and BT-580 (Biomedical Technologies Inc., Stoughton, MA, 
U.S.A.) are rabbit polyclonal antibodies raised against recom- 
binant hEGF. They are specific for hEGF and show no cross- 
reactivity with hTGFa. A sheep polyclonal antibody directed 
against residues 9129-8024 of mature human recombinant TGFa 
(anti-hTGFa9129) was purchased from Biogenesis Ltd. (Poole, 
Dorset, U.K.). It recognizes TGFa from human, rat and bovine 
origin, but does not react with EGF. The monoclonal antibody 
8B-2 was generously supplied by NV Organon (Oss, The 
Netherlands). It was raised against a synthetic circular peptide 
corresponding to residues 34—50 of hTGFa. 


Chimaeric growth factors 


EGF-TGF« chimaeras or chimaeras between hEGF and an 
EGF-like repeat (amino acid residues 530—560) from Drosophila 
Notch [17] were constructed by exchanging domains bordered by 
the highly conserved cysteine residues, as previously described 
by us [15,16]. The constructs were linked at the 5’ end to the 
sequence coding for the recognition sequence (Ile-Glu-Gly-Arg) 
of the proteolytic enzyme Factor X, and cloned into the BamHI- 
Sall site of the pEZZ18 expression vector (Amersham Pharmacia 
Biotech, Uppsala, Sweden), 3’ of the sequence encoding two 
synthetic IgG-binding domains (Z-domains). 

Wild-type and mutant growth factors were expressed and 
secreted as ZZ-Factor X-growth-factor fusion proteins into the 
periplasmic space of Escherichia coli KS474 and purified as 
described previously [15]. The isolated fusion proteins were 
digested with Factor X, and an additional run on IgG—-Sepharose 
was performed to remove the two IgG-binding domains. Finally, 
active growth factors were separated from inactive dimers and 
other disulphide mismatches by reverse-phase HPLC. 


Dot-blot procedure 


Nitrocellulose (Protran BA 79; 0.1 um pore size; Schleicher and 
Schuell, Dassel, Germany) was pre-wetted in 25 mM Tris/HCl 
(pH 7.3)/192 mM glycine/20% (v/v) methanol. Recombinant 
wild-type and mutant growth factors (50 ng) were dissolved in 
50 ul of М acetic acid and spotted on to the nitrocellulose using 
dot-blot apparatus. The blot was subsequently dried and incu- 
bated for 30 min in 20 mM Tris/HCI (pH 7.3)/150 mM NaCI/ 
0.5 % (v/v) Tween-20 (TBS-T) containing 0.1 95 (w/v) ovalbumin 
to block non-specific binding sites. Incubation with specific 
primary antibodies took place for 16 h at 4?C using a 1:1000 
(polyclonal antibodies) or 1:500 (monoclonal antibody) dilution 
in TBS-T/0.1% ovalbumin. Probed proteins were detected by 
incubation for 2h at room temperature with a secondary 
antibody linked to horseradish peroxidase (Nordic Immuno- 
logical Lab., Tilburg, The Netherlands) at a 1:25000 dilution 
in TBS-T/0.1% ovalbumin. For visualization, enhanced 
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chemiluminescence (ECL; Boehringer Mannheim, Mannheim, 
Germany) was used. 


Coll proliferation assay 


32D murine haematopoietic progenitor cells, transfected with 
ErbB-1 [18], were grown in RPMI 1640 medium supplemented 
with antibiotics, 10% (v/v) heat-inactivated fetal-calf serum and 
0.5 ng/ml interleukin-3 (IL-3) [19]. Prior to stimulation, the cells 
were washed free of IL-3 and resuspended in RPMI 1640 medium 
at a concentration of 5x10° cells/well. Serial dilutions of 
polyclonal antibodies were added, together with 2.5 ng/ml hEGF 
or hTGFa. After 20 h at 37 °C, cell survival was determined using 
а 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl-2H-tetrazolium bro- 
mide (MTT) assay [18]. For this, cells were incubated for an 
additional 2 h at 37 °C with MTT (0.1 mg/ml) and the formation 
of dark-blue formazan crystals by living cells was quantified, 
after lysis of the cells with acidic propan-2-ol, by reading the 
absorbance at 540—630 nm. 


RESULTS 
Chimaeric proteins 


In Figure 1 a schematic presentation is given of two sets 
of chimaeric proteins containing hEGF sequences; EGF- 
TGFe chimaeras [14,15] and EGF-Notch chimaeras [16]. The 
EGF-TGFa chimaeras are named according to the nomenclature 
introduced previously [14], in which, for instance, T3E stands for 
a ligand with TGFa sequences N-terminal and EGF sequences 
C-terminal of the third cysteine residue. A similar nomenclature 
is used for domain exchange mutants of hEGF and an EGF- 
repeat from Notch [16]. In cases where hEGF-derived amino 
acids were reintroduced into the Notch sequence this is indicated 
by capitals. Thus E]N2E stands for EGF in which the entire 
sequence between the first and second cysteine residue has been 
replaced by the corresponding sequence in Notch and EIN2E/Y 
stands for the same mutant in which the hEGF-derived tyrosine 
residue (position 13 in hEGF) has been reintroduced into the 
Notch sequence (Figure 1). 


Mapping of the epitope recognized by polyclonal antibodies raised 
against native hEGF 


The wild-type recombinant growth factors hEGF and hTGFa, 
as well as 16 ЕСЕ-ТСЕх chimaeras, were spotted on to a 
nitrocellulose filter and incubated with either Ab-3 or BT-580 
(both polyclonal antibodies were raised against native recom- 
binant hEGF). Probed proteins were detected by a goat anti- 
rabbit antibody linked to horseradish peroxidase and were 
visualized by enhanced chemiluminescence. Films were exposed 
for different time intervals ranging from 5-120 s in order 
to detect small differences in the efficiency of recognizing the 
various epitopes presented by the chimaeras. Table 1 gives a 
semi-quantitive analysis of 5 (Ab-3) and 2 (BT-580) independent 
experiments. Representative examples dre shown in Figure 2. 
The antibodies show no cross-reactivity with hTGFa or murine 
EGF, as indicated by the fact that the signal remains below the 
background (0.1% BSA), even after long exposure times. 
Chimaeras with hTGFa sequences N-terminal of the third 
cysteine residue (T1E, T3E and T3E4T) were well recognized by 
Ab-3 (Figure 2, top panel), although T3E generally needed longer 
exposure to give the same signal as native hEGF. Also the 
presence of hTGFa sequences C-terminal of the fourth cysteine 
residue (EAT, E5T, E6T, T3E4T, E4T6E, E6ET and E6TE) did 
not affect the ability of Ab-3 to recognize the protein. All these 
chimaeras contain hEGF sequences between the third and fourth 
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Figure 1 Sequence alignment of hEGF, hTGFa and Drosophila Notch ЕВЕ-Пке repeat 13, and schematic presentation of chimaeric growth factors 


Domains exchanged are bordered by the sx cysteine residues (С1--С6), which are present In hEGF, hTGFa and Notch hEGF sequences are presented as dashed lines and hTGFa sequences as 
asterisks In the EGF/Notch chimaeras the Notch sequence that is introduced in hEGF 5 grven in capitals. In cases where hEGF-derrved ammo acids are reintroduced into the Notch sequence 


these are underlined 


cysteine residues, which indicates that the B-loop contains the 
main immunoreactive site. Indeed, all chimaeras that contained 
hTGFa sequences in this region (E3T, TAE, T6E, T4E6T, T6ET 
and T6TE) were not recognized by Ab-3. A notable exception, 
however, was E3T4E. The finding that Ab-3 reacted with both 
T3E4T and E3T4E could be due to the polyclonal nature of the 
antibody; however, when the B-loop of hEGF was replaced by 
the corresponding sequence of Notch EGF-repeat 13 instead of 
hTGFa (E3N4E), Ab-3 was unable to bind to the chimaeric 
protein. The difference in reactivity between E3T4E and E3N4E 
might be due to the higher sequence similarity between the B- 
loops of hEGF and hTGFa compared with that of Notch, but it 
also suggests that only part of the B-loop is required to bind the 
antibody. To investigate this, variants of E3NAE were tested in 
which hEGF-derived amino acids were reintroduced. Figure 2 
(top panel) shows that the presence of alanine at position 30 in 
combination with methionine at position 21 (E3NAE/MA) 
especially increased the reactivity of the chimaeric protein with 
Ab-3. Although these two residues in the B-loop appeared to be 
sufficient for antibody recognition, it did not explain why E3T4E 


having an arginine at position 21 was recognized and other 
chimaeras with the same B-loop such as E3T and T4E were not. 
Therefore residues outside of the B-loop must also add to the 
epitope, and apparently these flanking regions must be present in 
order to recognize chimaeras with a hTGFa B-loop. In contrast 
with E3T, the EGF-Notch chimaera E3N6E/MYAN was well 
recognized. In this protein, C-terminal of the B-loop, only the 
asparagine at position 32 and the C-terminal tail were EGF- 
derived which indicated that either separately or together these 
residues may add to antibody recognition. 

Using another polyclonal antibody (BT-580) raised against 
native hEGF, similar results were obtained (Table 1 and Figure 
2, bottom panel). Similarly to Ab-3 this antibody recognized the 
chimaeras EAT, EST, E6T, T3E4T, EATGE, E6ET, E6TE and 
TIE that all have a hEGF B-loop. In addition E3T4E and the 
hEGF-Notch chimaeras ESN4E/MA and E3N6E/MYAN were 
again well recognized, whereas other chimaeras having hTGFa 
or Notch sequences in the B-loop were not. Small differences in 
the epitopes recognized by Ab-3 and BT-580 were, however, 
observed. Whereas T3E was slightly less recognized than T3bE4T 
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Table 1 Semiquantative analysis of the ability of antibodies raised against 
native HEGF (Ab-3 and BT-588), native hTGFa (9129) or hTGFa resklues 
34—50 (BB-2) to recognize EGF-TGFo chimaeras or EGF—Notch chimaeras 


++, well recognized, --, moderately recognized, +, slightly recognized: —, not 
recognized , ND, not determined 


Ant-EGF Ab3 = AntrEGF BT-580 Ant-TGFæ 9129 Ant-TGFa 8B-2 
(n = 5) (Л = 2) (a= 3) (л = 2) 
hEGF ++ To = = 
hTGFa — — ++ ++ 
murna EGF — ND ND ND 
TIE + + + — ND 
T3E + — — — 
ТАЕ — — ер = 
T6E — — ++ = 
F3T -— — — t 
EAT ++ + = ++ 
Е5Т + + + — Ws 
EBT ++ + — + 
T3E4T ++ + + + + +++ 
E3T4E ++ * = = 
T4E6T — — + ND 
E4T6E PF Tob — ND 
T6ET + — ++ ND 
ТӨТЕ — — ++ ND 
EGET ++ ++ — ND 
ESTE ++ T — ND 
E3N4E — + ND ND 
E3N4E/MY + + ND ND 
E3N4E/MA ++ Tu ND ND 
ESN4E/MYA + а= ND : ND 
E3NGE/MYAN + Tub ND ND 
E5N6E/E F+ ND ND ND 
E1N2E or ND ND ND 
F1N2E/Y TE ND ND ND 


by Ab-3, ıt was not recognized at all by BT-580. In the native 
protein the peptide chain is folded in such a way that residues in 
the A-loop are in close contact to residues in the C-loop [20]. 
Although T3E was found to be as biologically active as 
hEGF and hTGFz [14], the specific combination of a hTGF« 
A-loop and a hEGF C-loop in T3E may have caused a slight 
change in the conformation of the epitope recognized by these 
antibodies, and the inability of BT-580 to react with T3E therefore 
suggests that this antibody is more sensitive to conformational 
changes. Furthermore, the finding that E4T6E seemed to react 
better with the antibody than E4T, while E6ET and E6TE (see 
Figure 1 for definition) also seemed to react better than E6T, 
suggests that the linear C-terminal tail also adds to recognition 
of the protein by BT-580. 

The above results indicate that both polyclonal antibodies 
directed against native hEGF recognize essentially the same 
discontinuous conformational epitope. In agreement with this, 
reduction of hEGF by f-mercaptoethanol appeared to disrupt 
the epitope, causing a strong decrease in the abihty of the 
antibodies to bind to the protein (results not shown). 


Mapping of the epitope recognized by a polyclonal antibody 
ralsed against native hTG@Fa | 

The same set of hEGF-hTGFa chimaeras was used to map the 
epitope recognized by anti-hTGFa 9129. In Table 1 a semi- 
quantative analysis of three independent experiments is given, 
and Figure 3 shows a representative dot-blot result. The antibody 
was unable to recognize chimaeras that had EGF sequences N- 
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Figure 2 Representative dot-blot analysis of the ability of the anti-hEGF 
polyclonal ántibody Ab-3 (top panel) and BT-580 (bottom panel) to recognize 
EGF-TGFx and EGF—Notch chimaeras 


Each protein (50 ng) was spotted on to nitrocellulose and the antibody was tested at a dilutton 
of 1 1000 The reactivity of Ab-3 was tested 5 times and the reactivity of BT-580 was tested 
2 times. Visualization was by ECL and the film was exposed for 15 s mEGF, munna EGF 


terminal of the third cysteine residue (E3T, E4T, EST, E6T, 
E3T4E and EAT6E), which indicates that this region contains an 
important immunoreactive site. On the other hand, even when 
the entire sequence N-terminal of the third cysteine residue was 
TGFe (T3E), this was clearly not sufficient for antibody rec- 
ognition. Therefore either the conformation of the epitope was 
changed due to the specific combination of EGF and TGFa 
sequences, or additional regions in TGFa needed to be present in 
order for the antibody to bind to the protein. These could be 
either residues in the B-loop or residues C-terminal of the fourth 
cysteine residue, since both T4E and T3E4T were well recognized. 

Although fine-tuning to individual amino acids was not 
possible with the available chimaeras, the above results suggest 
that, as for the anti-EGF antibodies, the epitope recognized by 
anti-hTGFa9129 is a conformational non-linear epitope that 
containes residues lying at the start of the main B-loop f-sheet. 
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HT GF а E3T4E 
T3E T4E6T 
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Figure 3 Representative dot-blot analysis of the ability of anti-hTGFx9129 
to recognize EGF-TGF» chimaeras 


Each protein (50 ng) was spotted on to nitrocellulose and the antibody was tested at a dilution 
of 1:1000. The experiment was repeated twice. Visualization was by ECL, and the film was 
exposed for 20 s 
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Figure 4 Representative dot-blot analysis of the ability of the monoclonal 
antibody 8B-2 raised against a synthetic circular peptide corresponding to 
residues 34—50 of hTGF» 


Each protein (50 ng) was spotted on to nitrocellulose and the antibody was tested at a dilution 
of 1:500. The experiment was repeated orice. Visualization was by ECL. and the film was 
exposed for 10 s. 


Mapping of the epitope recognized by a monoclonal antibody 
raised against hTGF» residues 34—50 


In order to validate the results obtained above with EGF-TGFz 
chimaeras, we performed a control experiment with 8B-2, a 
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Figure 5 Inhibition of growth factor-induced cell survival by polyclonal 


antibodies directed against native hEGF (Ab-3 and BT-580) or hTGF« (9129) 


D1 cells expressing ErbB-1 were deprived of IL-3 and subsequently incubated with 2.5 ng/ml 
hEGF (top panel) or hTGFa (bottom panel), together with serial dilutions of the polyclonal 
antibodies. Cell survival was measured after 24 h using an MTT assay. as described in the 
Experimental section 


monoclonal antibody raised against a synthetic circular peptide 
corresponding to residues 34-50 of hTGFz. In spite of the fact 
that the peptide used as an immunogen was not linear, the 
antibody was found to recognize hTGFa better when the growth 
factor was reduced by /-mercaptoethanol than when the 
growth factor was its native conformation (results not shown). 
Therefore the chimaeric proteins were also tested under reducing 
conditions. As expected, 8B-2 was able to bind E3T, EAT. EST 
and T3E4T, which are all chimaeras that contain ТСЕ residues 
34-50 (Table | and Figure 4). In agreement with previous results 
obtained with an antiserum raised against the same peptide 
sequence [10], 8B-2 could also recognize chimaeras that contained 
only TGFx residues 43-50 (E6T). All other chimaeras tested 
were negative. 


© 2000 Biochemical! Society 


272 M. L. M. van de Poll and others 





Inhibition of growth-factor-induced cell survival by polyclonal 
antibodies directed against hEGF or hTGF» 


IL3-dependent 32D haematopoietic cells transfected with ErbB- 
1 (DI cells) can survive in the absence of IL-3 through activation 
of ErbB-1 by one of its ligands. To investigate the ability of the 
above polyclonal antibodies to neutralize the biological activity 
of hEGF or hTGF2, DI cells were deprived of IL-3 and 
subsequently incubated with the growth factors at a concen- 
tration of 2.5 ng/ml, which gave maximum growth stimulation 
(results not shown). Serial dilutions of the antibodies were added 
at the same time and their effect on growth-factor-dependent cell 
survival was measured in an MTT assay, as described in the 
Experimental section. Figure 5 shows that all three polyclonal 
antibodies inhibited the growth-factor-induced proliferation of 
DI cells in a dose-dependent and growth-factor-specific way. 
This suggests that these antibodies recognize an epitope that is 
either part of or lies close to the binding interface. 


DISCUSSION 


Using synthetic peptide fragments several immunoreactive sites 
in EGF and TGFz have previously been identified, including the 
N-terminus, the B-loop /-sheet and the C-terminus [7-13]. A 
major disadvantage of the approach used, however, was that 
only linear non-conformational epitopes were identified. Dis- 
continuous conformational epitopes may have remained un- 
detected. Thus in previous studies several monoclonal antibodies 
raised against the native growth factors were unable to react with 
synthetic linear peptides, and the epitopes which they recognized 
remained unknown [12,13]. A more detailed analysis of antigen- 
antibody interaction can be obtained by the use of random 
peptide libraries, either displayed on phage or chemically 
synthesized [21,22]. Such peptide libraries have been used suc- 
cessfully to fine-tune linear epitopes at the amino acid level 
[23-26]. Furthermore, the large sequence diversity created in this 
way may result in the selection of peptides that mimic dis- 
continuous binding sites. Although a few examples are known in 
which so-called ‘mimotopes’ were found [25.27-30]. most 
attempts to identify discontinuous epitopes in this way have 
failed. 

In the present study we have shown that chimaeras of hEGF 
and hTGFz can be used successfully to identify non-linear 
conformational epitopes. The most antigenic site on hEGF, 
which was recognized by two polyclonal antibodies raised against 
the native protein, was found to be discontinuous and to contain 
residues close to the third cysteine residue (including Met™ at the 
start of the B-loop /-sheet) and near the fourth cysteine residue 
(including Ala? at the end of the B-loop /-sheet and the hinge 
residue Asn??). Analysis of the epitope recognized by anti-TGFa 
was less detailed, but the data obtained in the present study also 
suggest that in TGFa the same region is immunoreactive. 
Although we cannot rule out the possibility that only some of 
the residues implicated in this study arein direct contact with the 
antibody and that others serve for efficient and correct pres- 
entation of the epitope, the fact that the antibodies only recognize 
the proteins when non-reduced (results not shown) indicates 
that the epitope is at least conformation-dependent. Further- 
more, since two-dimensional NMR studies have shown that in 
the three-dimensional structure the above residues are in close 
contact and that Met?! forms a hydrogen bond with Ala?" in the 
double-stranded anti-parallel /-sheet [20] (Figure 6), this makes 
it likely that together these residues form the reactive site. 

All three polyclonal antisera were able to block the biological 
activity of the respective growth factor in a proliferation assay on 
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Figure 6 (Upper panel) schematic presentation of hEGF showing the 
B-loop /-sheet with the antigenic site and (lower panel) a space-filling 
representation of the solvent accessible structure of hEGF 


The residues that form the antigenic site are shown in colour and are found to be clustered on 
the outside of the molecule. An animated version of Figure 6 can be accessed via the URL: 
http://www.BiochemJ.org/bj/349/bj3490267add.htm. Met?" is located at the start of the B-loop 
#-sheet near the third cysteine residue and opposite to Ala". which is located at the end of 
the B-loop. Together with the hinge residue, Asn**, they form an important discontinuous epitope 
recognized by polyclonal antibodies raised against native hEGF. The residues indicated in grey 
may also add to the antigenic site. 


D1 cells expressing ErbB-1, which indicates that the receptor 
binding domain is shielded upon binding of the antibody [20]. 
Increasing evidence exists that the binding domains of hEGF and 


hTGFa for ErbB-1 are non-linear and consist of residues from 
the A-loop, the C-loop and the C-terminal tail [16,20,31—33]. 
Furthermore, we have previously found that Met!! and Ala?? in 
the B-loop and the hinge residue, Ásn?*, are also essential for 
high-affinity ligand-receptor interaction [16], probably because 
they guarantee the correct conformation of the binding domain. 
The epitope recognized in the present study clearly overlaps with 
the above region. 

Chimaeras between related proteins that show no cross- 
reactivity have been successfully used ın the past to map epitopes 
recognized by specific monoclonal antibodies [34—39]. For 
example, chimaeras between the human and the chicken EGF 
receptor have been used to map domains recognized by various 
monoclonal antibodies raised against the human EGF receptor 
[34], and chimaeras between the human type I insulin-like growth 
factor (IGF-1) receptor and the human insulin receptor were 
used to map the epitope of IGF-1-receptor-specific monoclonal 
antibodies to different regions of the extracellular domain [35]. 
More recently four chimaeras have been constructed between 
human E- and L-selectins through which the epitope recognized 
by a neutralizing antibody, directed against human E-selectin, 
was assigned to the lectin domain [36]. In the above studies only 
a limited number of chimaeras were available and relatively large 
domains were exchanged. Fine-tuning was eventually achieved 
by introducing random amino acid substitutions. 

In the present study, with the help of 16 EGF-TGFa chimaeras 
and 8 EGF—Notch chimaeras a detailed analysis was performed 
on the epitopes recognized by polyclonal antibodies directed 
against native hEGF and hTGFa. A thus far unknown major 
antigenic site was identified as a non-linear and conformation- 
dependent region involved in receptor binding. 


The current studies were сагпе out with financial support from the Dutch Cancer 
Society. 
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Patients with hereditary glutathione synthetase (GS) (EC 6.3.2.3) 
deficiency present with variable clinical pictures, presumably 
related to the nature of the mutations involved. In order to 
elucidate the relationship between genotype, enzyme function 
and clinical phenotype, we have characterized enzyme kinetic 
parameters of missense mutations R125C, R267W, R330C and 
G464V from patients with GS deficiency. One of the mutations 
predominantly affected the К, value, with decreased affinity for 
glycine, two mutations influenced both K, and V... values, and 


one mutation reduced the stability of the enzyme. This charac- 
terization agrees well with predictions based on the recently 
reported crystal structure of human GS. Thus our data indicate 
that different mutations can affect the catalytic capacity of GS by 
decreasing substrate affinity, maximal velocity or enzyme stab- 
lity. 


Key words: y-glutamyl cycle, 5-oxoprolinuria, haemolytic 
anaemia. 





INTRODUCTION 


To date, more than 65 patients with inborn errors in the 
metabolism of GSH, in 56 families, have been reported [1]. 
Glutathione synthetase (GS) (EC 6.3.2.3) deficiency is the most 
common of these disorders and exhibits autosomal recessive 
inheritance. It is probable that homozygosity for GS alleles that 
results in a totally inactive enzyme or the absence of protein 
expression. would be lethal. Clinically, two variants can be 
distinguished. The mild form ıs restricted to erythrocytes and is 
thought to be caused by mutations that reduce the stability of the 
enzyme. The patients have low GSH levels in erythrocytes, but 
not in nucleated cells, and often have mild haemolytic anaemia. 
The severe form is caused by mutations that impair the catalytic 
function. of the enzyme. These patients are referred to as 
‘generalized GS deficient’ and present with massive urinary 
excretion of 5-oxoproline, haemolytic anaemia and metabolic 
acidosis, often 1n association with progressive impairment of 
central nervous system function. It is unclear if there is extensive 
polymorphism arising from functionally normal GS sequence 
variants. Although the 5’ and central regions of the GS cDNA 
are not well represented in the expressed sequence tag (‘EST’) 
database, a search [2] has identified a number of GS sequence 
variants. However, most variation appears in non-coding regions, 
and the frequency of these potential polymorphisms has yet to be 
determined (P. G. Board, unpublished work). GS catalyses the 
final step in the biosynthesis of GSH according to: 


y-glutamylcysteine + glycine + ATP — 
y-glutamylcysteinylglycine (GSH) + ADP +P, 
The enzyme has been purified to homogeneity from several 


sources, e.g. rat kidney [3], Escherichia coli [4] and yeast [5], but 
until now not to homogeneity from any human tissue. The 
human enzyme functions as a homodimer, with subunits con- 
taining 474 amino acid residues [6], encoded by a gene located on 
chromosome 20q11.2 [7]. Eighteen different mutations from 16 
patients with GS deficiency have been described [8-10]. Many of 
these mutations affect residues that are within the protein core 
and active-site regions [11]. 

The recently reported crystal structure of human GS allows 
some predictions of the effects of naturally occurring mutations 
[11]. However, characterization of the mutant proteins is required 
to understand the complex interactions between structure, func- 
tion and clinical phenotype. Furthermore, since GSH can be 
critical to the disposition of a range of therapeutic agents and 
the development of drug resistance, knowledge gained from the 
analysis of natural mutants may provide avenues for therapeutic 
intervention. The patients are often compound heterozygotes, 
which complicates kinetic analyses of specific mutations of 
enzymes isolated from blood samples. In the present investigation 
kinetic parameters of four naturally occurring missense 
mutations from patients with GS deficiency were investigated in 
vitro and the findings were correlated with the tertiary structure 
of the enzyme. The positions of the mutations within the GS 
subunit are illustrated in Figure 1. The properties of these 
mutations have not previously been studied and 1t was possiblé 
to compare the real characteristics of the proteins with predictions 
derived from the structure. The recombinant enzymes were His- 
tagged to facilitate purification. To evaluate putative effects of 
the added histidine residues on enzyme activity, wild-type His- 
tagged enzyme was compared to wild-type enzyme isolated from 
erythrocytes. This is the first time the human erythrocyte enzyme 
has been purified to homogeneity. 


Abbreviations used GS, glutathione synthetase; BTP, Bis- Tris Propane, y-gluABA, L-y-glutamyl-L-a-aminobutyric acid 
! To whom correspondence should be addressed (e-mail runa.njalsson(gmednut ki se) 


© 2000 Biochemical Society 


276 R. Njálsson and others 





Figure 1 A ribbon representation of the human GS monomer 


The GS deficiency mutations discussed in the text are shown in blue. The cofactors (ADP is green, the sulphate which mimics the y-phosphate is red and the magnesium ions are shown as 
two mauve spheres) and product (GSH is yellow) are also shown. This Figure was drawn using MOLSCRIPT [15] 


EXPERIMENTAL 
Materials 


[1-'*C}Glycine and the DNA Sculptor Kit were purchased from 
Amersham (Little Chalfont, Bucks., U.K.). DEAE-Sepharose 
CL-6B, thiopropyl-Sepharose 6B, Sephacryl S-300, Polybuffer 
(pH 6.5-4) and restriction endonucleases were obtained from 
Pharmacia Biotech. Bis-Tris Propane (BTP) was purchased 
from Sigma. Mercaptopyridine-Sepharose 6B was produced as 
described previously [12]. Primers coding the missense mutations 
R125C, R267W, R330C, and G464V were synthesized at the 
Australian National University Biomolecular Resource Facility 
(Canberra, Australia). Sequence analysis was performed using a 
Sequenase version 2.0 kit supplied by USB (Cleveland, OH, 
U.S.A.) Protein assay reagent was purchased from Bio-Rad 
(Sundbyberg, Sweden). All chemicals were of analytical grade. 
Human erythrocyte concentrates were obtained from the Blood 
Bank, Akademiska Hospital, Uppsala, Sweden. This study was 
approved by the ethical committee of the Karolinska Institute. 


Preparation of haemolysate 


Erythrocytes were centrifuged at 5000 g for 20 min, before 
washing the cells twice with six vol. of PBS. One vol. of 5 mM 
Tris/HCl (pH 7.4)/1 mM EDTA was then added to the packed 
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erythrocytes, prior to sonication. Haemolysate was subsequently 
obtained, after centrifugation at 25000 g for 30 min. 


Purification of GS 


GS was purified from the haemolysate by ion-exchange chromato- 
graphy, thiophilic adsorption chromatography, gel filtration, 
chromatofocusing and ammonium sulphate precipitation. The 
stepwise use of the different columns is described below. Fractions 
were collected throughout the purification for activity measure- 
ments. All procedures were performed at 5 °C. All column sizes 
are given as diameter x height. 


DEAE-Sepharose 


DEAE-Sepharose CL-6B (200 ml) was equilibrated with 20 mM 
BTP (pH 6.5), and suspended in 1000 ml of haemolysate (con- 
taining 138 g of protein). The mixture was agitated for approx. 
2 h, collected in a Buchner funnel and washed with BTP buffer. 
The matrix was placed in a 3.2 cm x 25 cm column and washed 
with BTP buffer. At pH 6.5 haemoglobin did not bind to the 
matrix and was thus eluted. The adsorbed proteins were eluted 
stepwise with 0.05, 0.15 and 0.5 M KCI in BTP buffer. The 
enzyme activity was detected in the fractions eluted with BTP 
buffer containing 0.15 M KCl. These fractions were pooled 
(489 mg of protein), and K,SO, was added to a final con- 
centration of 0.5 M. 


Table 1 Purification of GS from human erythrocytes 
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GS was purifred from the haemolysate by ion-exchange chromatography, орї adsorption chromatography, gel filtration, chromatofocusing and ammonium sulphate precipitation 


Volume 
Fraction (ml) 
Hasmotysate 1000 
DEAE-Sepharose 670 
Thopropy!-Sepharose 102 
Mercaptopyridine—Sepharose 43 
Sephacry! S-300 41 


Total protein Purification Yield of activity 
(mg) factor (8) 
138000 1 100 
490 160 56 
42 1710 52 
52 10600 39 
37 11400 30 





Thlopropyl-Sepharose 


The sample was then applied to a 2cm x20 cm column of 
thiopropyl-Sepharose 6B equilibrated with a buffer containing 
10 mM Tris/HCl (pH 7.8) and 0.5 M K,SO,. After washing with 
equilibration buffer, the enzyme was eluted with 10 mM Tris/HCl 
(pH 7.8)/1.5 M NaCl. Fractions with enzyme activity were 
pooled (42 mg of protein), and K,SO, was added to a final 
concentration of 0.5 M. 


Mercaptopyridine—Sepharose 


The sample was passed through a 2cmx 16cm column of 
mercaptopyridine-Sepharose 6B equilibrated with a buffer con- 
taining 10 mM Tris/HCl (pH 7.8) and 0.5 M K,SO,. After 
washing with equilibration buffer, the enzyme was eluted with 
10 mM Tris/HCl (pH 7.8)/1.5 M NaCl. The active fractions 
were pooled (5.2 mg of protein) and concentrated by ultra- 
filtration (Immersible CX-10; Millipore, Sundbyberg, Sweden). 


Sephacryl 


The concentrated sample (3.5 mI) was gel filtered through a 
2cmx82cm column of Sephacryl S-300 equilibrated with 
20mM BTP buffer. The fractions containing enzyme activity 
were pooled. 


Chromatofocusing 


The gel filtration peak containing GS was concentrated (3.7 mg 
of protein) and run on an FPLC Mono P HR 5/20 column 
(Pharmacia Biotech). Polybuffer, with pH range 6.5—4.0, was 
then used to elute the enzyme. The active fractions were pooled, 
and solid ammonium sulphate was supplemented to a con- 
centration of 0.4 g/ml. The mixture was stirred for 30 min, 
before the precipitate was collected by centrifugation and dis- 
solved in PBS. The final sample contained 0.5 mg of enzyme in 
1.3 ml of buffer. The purity of the enzyme was assessed by a 
Pharmacia Phast System, with Phast Gel Gradient 8-25 and 
Phast Gel SDS Buffer Strips. 


Construction and expression of mutant eDNAs А 


The wild-type GS cDNA was inserted into the His-tag vector 
pQE-31 (Qiagen, Clifton Hill, Australia), resulting in the addition 
of 6 histidine residues at the N-terminus of the protein [13]. 
Mutated cDNAs were constructed by PCR, employing mutant 
specific primers and the DNA Sculptor Kit. Constructs were 
confirmed by DNA sequencing using a Sequenase version 2.0 kit. 
Mutant cDNAs were expressed іп E. coli TG] and isolated as 


described previously [8]. The purity of the recombinant enzymes 
was determined as described above. 


Enzyme assay 


The enzyme activity was determined as described previously [14], 
with the following modifications: the total incubation volume 
was 100 ul, containing 12 mM r-y-glutamyl-L-a-aminobutyric 
acid (y-gluABA), 16 mM [1-:*C]glycine (specific activity 9.3 x 10° 
Bq/mol) 8000 units/1 pyruvate kinase, 4 mM phosphoenol- 
pyruvate, 4 mM АТР, 100 mM Tris/HCl (pH 8.6), 25 mM KCl, 
6 mM MgCl, and 1 8/1 BSA. Following incubation at 37 °C for 
60 min the reaction was stopped by the addition of 10 ш of 20% 
(v/v) perchloric acid. Denatured protein was removed by 
centrifugation at 17000 g for 3 min, and the supernatant was 
applied to а 0.5 cm x 4 cm Dowex acetate column. Remaining 
[1-*C]glycine was eluted with 6 ml of 20 mM acetic acid. The 
absorbed product, “C-y-glutamyl-aminobutyryl-glycine (oph- 
thalmic acid), was eluted with 6 ml of 1.5 M ammonium acetate. 
Radioactivity was analysed by liquid scintillation counting. The 
kinetic constants К, and V,,, were determined by varying 
the concentrations of y-gluABA, glycine and Mg**/ATP (con- 
centration ratio 3:2) respectively. Enzyme activity is expressed 
as umol [1-*C]glycine incorporated/min per mg of protein. 

К and Foa values were determined from the enzyme activity 
data by non-linear regression analysis, using GraFit Version 4 
(Erithacus Software, Horley, Surrey, U.K.). For each substrate 
and enzyme, the concentration curve experiments were repeated 
twice. Results for V... are consequently means S.D. of six 
determinations. 


RESULTS 


A. protocol for the purification of wild-type GS from human 
control erythrocytes is outlined in Table 1. From 138 g of 
haemolysate proteins, approx. 0.5 mg of purified enzyme was 
obtained. The four different missense mutants R125C, R267W, 
R330C and G464V, as well as the wild-type enzyme, were 
expressed as His-tagged proteins in E. coli. One litre of each F. 
coli culture yielded 10—100 mg of recombinant enzyme. The 
purity of all isolated enzyme preparations was verified by SDS 
gel electrophoresis. Each preparation resulted in a single band 
(results not shown). The К, and V a data are shown in Table 2. 
Due to the high K, for glycine in the G464V mutant, the highest 
velocity which could be reached in the y-gluABA and ATP/Mg** 
concentration curves was only 10% of VL... The VF... for 
mutation G464V was therefore denved from the glycine con- 
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Table 2 The kinetic properties, V... and К,, of erythrocyte and His-tagged recombinant 88 


Kinetic parameters were determined using increasing concentrabons of each substrate ranging from 0 1~18 times the A, in the presence of 12—18 times the determined A, of the other substrates 
Activity data are grven as means-+S.D The V, for mutant R330C decreased successively Therefore the range of Ky. 15 given rather than the mean 


Vus (MAMIN per 
Enzyme Mutation mg of protein) 
Erythrocyte "~ 5676 -t 2 053 
Wild type* — 6 0144-1 402 
А1256“ 3730 — T 0017 4-0 004 
R267W* 7990 — T 0 008 -+ 0 002 
R330C* 988C — T 4 401 +0300 
G464V* 13916 — Т 1 608 4-0 169 


* Recombinant His-tagged enzyme 


K, 'y-gluABA K, glycine K, ATP 
(mM) (mM) (mM) 

099-007 1.37 +0.01 023-003 
065+0.22 1344-034 022 4-003 
1794-045 1239+084 006+001 
1012+235 858-324 044-030 
0724036 151-008 0.29 3- 0.01 
022 3-003 13040+1216 0114006 





centration curves. The V... of the mutant R330C decreased 
markedly with repeated freezing and thawing (the range is shown 
in Table 2). The R125C and R267W mutants exhibited markedly 
reduced but consistent V... values, as well as increased К values 
for all of the substrates. 


DISCUSSION 


The genotype-phenotype relationship in human GS deficiency 
was addressed by expression of four mutants and kinetic analysis 
of the purified recombinant mutant enzymes. The mutations and 
the heterogeneous clinical symptoms of the patients studied have 
been described previously [8—10]. The four patients are compound 
heterozygotes for missense mutations affecting amino acid 
residues that are conserved between rats and humans. 
Although kinetic properties of His-tagged recombinant 
enzymes have been studied previously [13], it was essential to 
confirm that the His-tag did not influence the catalytic properties 
of the enzymes. Thus comparison between wild-type His-tagged 
enzyme and wild-type enzyme isolated from erythrocytes demon- 
strated that the addition of the His-residues had minimal effects 
on enzyme kinetics. The experimental finding agrees with pre- 
dictions from the crystal structure of His-tagged wild-type human 
enzyme. The His-tag is disordered in the crystal structure, as are 
the first two residues of the mature protein [11]. The third N- 
terminal amino acid residue is located on the surface of the 
protein and is approx. 28 À (1 À — 0.1 nm) from the active-site. 


Hence the His-tag, which is joined to the N-terminus, is not 
expected to influence activity. Although GS has been purified 
from several tissues in other species, this is the first protocol for 
purification of human GS to homogeneity. The results indicate 
that GS constitutes at least 0.01% of the soluble protein in 
human erythrocytes. 

As illustrated in Table 2, the R125C and R267W mutations 
reduced the V... to 0.2% and 0.1% of the wild-type activity, 
respectively. This suggests that these residues are of critical 
importance for formation of the active-site and catalysis Exam- 
ination of the crystal structure (Figures 1 and 2, left panel) shows 
that the guanidine group of Árg!'5 forms a number of important 
contacts in the active-site including a salt-link with Asp!” and 
hydrogen bonds to a sulphate ion, which mimics the position of 
the cleaved y-phosphate, to the main-chain carbonyl of Ser!^! 
and to the carbonyl of the cysteine moiety of the substrate. It has 
been proposed that Атр! neutralizes the negative charge of the 
y-phosphate group of ATP during the reaction and that the 
main-chain amide of Ser! stabilizes a reaction intermediate [11]. 
Asp!" 1s engaged in a complicated hydrogen-bonding network 
with active-site residues. In accord with these observations, the 
kinetic data demonstrate that the substitution of Arg!* with 
cysteine appears to effect both the reaction mechanism and 
substrate binding. Although there is one direct contact between 
the arginine and substrate/product, it is only one of 95 inter- 
actions [11] and so the loss of one hydrogen-bonding interaction 
is likely to have only a limited effect on substrate binding. The 
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Figure 2 Stereo pictures of the micro environments around the site of two of the missense mutations 


Left panel. Arg'® The two magnesium ions are shown as open circles. Right pane! Arg ^ The polar interactions between the side-chains of these residues and surrounding atoms are shown 


by the dashed lines and the distance between polar atoms is measured In 
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These Figures were drawn using MOLSCRIPT [15] 


a/ 


R267W mutation caused a 15-fold increase in K,, for y-gluABA 
and a 6-fold increase in the К, for glycine. Arg**’ is located in the 
substrate binding loop and the effect of the mutation on substrate 
binding is not surprising, since the bulky tryptophan substitution 
appears to be too large for the active-site defined in the crystal 
structure (Figures 1 and 2, right panel) [11]. Furthermore, the 
guanidine group of Агр?® is involved in numerous interactions 
such as salt-links to the y-glutamyl moiety of the substrate and 
to Asp!*, as well as hydrogen bonds to the hydroxy groups of 
Serl*! and Tyr***. These contacts would be lost in the mutants. 
As previously mentioned, the main-chain amide of Ser?! is 
thought to stabilize a reaction intermediate. Asp*!? is a site of 
mutation for the mild form of GS deficiency and we have 
previously proposed that this mutation would disrupt a com- 
plicated network of hydrogen bonds in the active-site [11]. Туг? 
is located immediately preceding the substrate-binding loop. 
Hence mutation of Агур?" is predicted to affect both substrate 
binding and catalysis; this is borne out by the kinetic data. The 
R125C and R267W mutations can thus be classified as combined 
К and V... mutations. 

The kinetic data on the R330C mutant provide a new insight 
into the disease, because 1t was previously thought that it might 
represent a polymorphism with normal function (since the muta- 
tion occurred in a patient who also had Asp?’® and Leu” 
mutations). Arg??? is located on the surface of the protein (on 
helix 16, Figure 1), forming a salt-bridge with Asp”), and is 22 A 
distant from the active-site and hence not in a position to impact 
on substrate binding or catalysis. The results of the present study 
are in agreement with these structural observations as the R330C 
mutation caused insignificant changes in the K, values for the 
substrates. However, as opposed to the other mutant enzymes, 
the V... of this mutant decreased with repeated freezing and 
thawing. This indicates that the mutation affects the stability of 
the enzyme, rendering it more susceptible to oxidation or 
denaturation. After only one round of freezing and thawing, the 
Va. was higher than 70% of wild-type activity, indicating that 
the activity of this mutant in vivo may be very close to or just as 
high as the wild-type activity. Áfter repeated rounds of freezing 
and thawing, the V... decreased successively to only 5% of wild- 
type activity. The poor stability 1s probably related to the loss of 
the salt-bridge and the introduction of an accessible, reactive, 
cysteine residue. Since GS is a dimer, heterozygotes will form 
heterodimers between normal and mutant subunits. In examples 
such as the R330C mutant, it is possible that the inactivation of 
one subunit in a heterodimer could inactivate the complete 
dimer. This could lead to the loss of up to 75 % of activity in such 
heterozygotes. The residual 25% of activity would result from 
the probability that 25% of the enzyme in a heterozygote will be 
wild-type homodimer. However, it 1s likely that, under normal 
conditions, 25% of normal activity might be sufficient to avoid 
the characteristic symptoms of GS deficiency. In addition to 
this, the Arg?? residue is located at the opposite end of the 
molecule to the dimer interface [11] so it would not be expected 
to destabilize the wild-type monomer in a heterodimer. 

The G464V mutation clearly affected the affinity for glycine, 
causing an almost 100-fold increase in the Ka The К, values for 
the two other substrates were only slightly decreased. The glycine 
residue, shown in Figure 1, adopts main-chain phi and psi angles 
(96° and 7°, respectively) that are outside the allowed values for 
non-glycine residues, and hence replacement by any other residue 
is likely to impair the conformation and flexibility of the alanine- 
rich loop, which 1s involved in binding of the glycine substrate 
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[11]. Thus the high K, for glycine is in excellent agreement with 
predictions from the crystal structure. The V... for this mutant 
was low, but might theoretically be able to reach normal levels if 
substrate concentrations are increased sufficiently. Thus this 
mutation 1s classified as a К, mutation. 

The present study demonstrates that specific missense 
mutations of GS cause distinct kinetic impairment of enzyme 
function, such as decreased substrate affinity, decreased maximal 
activity or decreased stability. We speculate that the variation in 
the clinical picture of patients with GS deficiency is correlated 
with the mutations involved. However, as many patients are 
compound heterozygotes with two different mutations a direct 
correlation between genotype and clinical phenotype may not 
always be evident. Further studies of natural and directed 
mutations of GS are required to obtain a greater understanding 
of the catalytic mechanism and the function of this important 


enzyme. 
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Targeting motifs and functional parameters governing the assembly of 


connexins into gap junctions 
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To study the assembly of gap junctions, connexin-green- 
fluorescent-protein (Cx-GFP) chimeras were expressed in 
COS-7 and HeLa cells. Сх26- and Cx32-GFP were targeted to 
gap junctions where they formed functional channels that trans- 
ferred Lucifer Yellow. A series of Cx32~GFP chimeras, truncated 
from the C-terminal cytoplasmic tail, were studied to identify 
amino acid sequences governing targeting from intracellular 
assembly sites to the gap junction. Extensive truncation of Cx32 
resulted in failure to integrate into membranes. Truncation of 
Cx32 to residue 207, corresponding to removal of most of the 78 
amino acids on the cytoplasmic C-terminal tail, led to arrest in 
the endoplasmic reticulum and incomplete oligomerization. 
However, truncation to amino acid 219 did not impair Cx 
oligomerization and connexon hemichannels were targeted to the 


plasma membrane. It was concluded that a crucial gap-junction 
targeting sequence resides between amino acid residues 207 and 
219 on the cytoplasmic C-terminal tail of Cx32. Studies of a 
Cx32E208K mutation identified this as one of the key amino 
acids dictating targeting to the gap junction, although oligo- 
merization of this site-specific mutation into hexameric hemi- 
channels was relatively unimpaired. The studies show that 
expression of these Cx-GFP constructs in mammalian cells 
allowed an analysis of amino acid residues involved in gap- 
junction assembly. 


Key words: chimera, connexin assembly, green fluorescent 
protein, targeting motifs. 





INTRODUCTION 


Gap-junction channels are conduits for the direct exchange of 
ions and small molecules ( « 1 kDa) between neighbouring cells 
and provide a potential mechanism for the intercellular propa- 
gation of signalling molecules and metabolites. Gap junctions 
are constructed of connexins (Cxs), a highly conserved family of 
proteins with 15 different isoforms identified in rodents to date. 
Cxs are integral membrane proteins spanning the membrane four 
times with two extracellular-gap-facing loops, one intracellular 
loop and cytoplasmically located N- and C-termini [1]. 

The formation of gap junctions involves a stepwise series of 
assembly processes. Cxs are inserted into the endoplasmic 
reticulum (ER) membrane where they must fold correctly prior 
to oligomerizing into hexameric hemichannels (connexons), an 
event occurring as they traffick from the ER to the Golgi via an 
intermediate compartment [2]. Connexons delivered to the 
plasma membrane then align and dock with partners in neigh- 
bouring cells to generate the gap-junction channel [3]. Gap- 
junction operation is regulated by transmembrane voltage [4] 
and chemically via cytoplasmic pH. and calcium ions [5,6]. 

The amino acid motifs involved in assembly and targeting of 
Cxs to gap junctions are poorly understood. Also, channel- 
gating mechanisms are subject to speculation and a number of 
Cx mutations result in failure of gap-junction channels to operate 
normally [7]. Analysis of the functional consequences of these 
mutations is now possible owing to the increasing number of 
DNA. mutations encoding Cxs shown to be associated with 


genetically inherited diseases. For example, mutations in Cx32 
are associated with Charcot-Marie-Tooth X-linked disease 
(CMT-X disease), a peripheral neuropathy [8], mutations in 
Cx26 are associated with non-syndromic sensorineural deafness 
[9], mutations in Cx31.1 are associated with keratoderma [10] 
and Cx50 and Cx46 are implicated in cataract formation [11]. 
These missense, nonsense and frame-shift deletions are scattered 
throughout the Cx sequences with some also occurring in non- 
coding regions of the DNA. Cx mutations may radically influence 
hemichannel assembly processes occurring during intracellular 
trafficking or gap-junction channel gating, and thus can provide 
a biochemical explanation of the pathophysiology underlying 
these diseases [7]. Defects in gap-junction channel operation 
resulting from Cx mutations have been studied by exogenous 


. expression and electrophysiological techniques in Xenopus 


oocytes [12,13] and by intercellular transfer in cultured mam- 
malian cells of the fluorescent dye Lucifer Yellow [14—16]. Several 
Cx32 mutations associated with CMT-X disease result in aberrant 
protein trafficking in mammalian cells [16-18]. In-depth analysis 
of selected mutations should allow definition of the roles that 
specific amino acids and protein domains have in the biogenesis 
of gap junctions. 

Green fluorescent protein (GFP) is used widely to study 
intracellular trafficking routes since its properties allow rapid 
visualization of cellular localization with high sensitivity [19—21]. 
Although chimeric proteins are likely to exhibit modified be- 
haviour, it was shown that fusion of the reporter protein aequorin 
(Aeq) to the C-terminus of Cx43 or Cx32 led to the assembly of 





Abbreviations used Cx, connexin, wtCx, wild-type Cx, ER, endoplasmic reticulum, CMT-X disease, Charcot-Marie-Tooth X-linked disease, GFP, 
green fluorescent protein; eGFP, enhanced GFP; TNT, coupled /n vitro transcription/translation 
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functional chimeric gap-junction channels [22]. In the present 
work. we used Cx-GFP chimeras to study the assembly, in- 
tracellular trafficking and functionality of gap junctions and to 
define a region on the cytoplasmic C-terminal tail of Cx32 that 
is crucial for targeting to the gap junction. 


EXPERIMENTAL 
Construction of chimeric Cx-GFP cDNA 


Cx cDNA was fused in-frame to the N-terminus of enhanced 
GFP (eGFP) in the vector pe-GFP-NI (Clontech; Figure 1). For 
wild-type (wt) Cx26 [23] and Cx32 [24] the open reading frame 
was amplified by PCR from plasmids containing the relevant 
full-length cDNA [22] using appropriate oligonucleotide primers 
introducing Bg/ll (for Cx26) and HindIII restriction-enzyme 
sites (for Cx32 constructs) at the 5’ and 3’ ends of the cDNA 
respectively. The primers used were as follows, with restriction- 
enzyme sites underlined and Cx sequences in bold. Cx32 forward 
primer, Cx32GF, 5-CTC GAG CTC AAGCTT ATG AAC 
TGG ACA GGT-3'; Cx32 reverse primer, Cx32GR, 5'-CAG 
AAT TCG AAGCTT GCA GGC TGA GCA TCG-3'; Cx26 
forward primer, Cx26GF, 5'-CTA CCG GAC TCAGATCTC 
АТС GAT TGG GGC ACC-3; and Cx26 reverse primer, 
Cx26GR, 5-CTT GAG СТС GAGATCTGA САС ТСС TCT 
TTT GGA-3. 

To generate truncated Cx32 proteins, Cx32A19, Cx32A93, 
Cx32A207 and Cx32A219, reverse primers incorporating the 
relevant 3 cDNA position and a HindIII site were used. The 
primer sequences were as follows: Cx32A19 reverse primer, 
AI9R, 5-CAG ААТ TCG AAGCTT AAT GGC ТСТ AGA 
ATG-3'; Cx32A93 reverse primer, A93R, 5'-CAG AAT TCG 
AAGCTT TGC САС GAG GAG AGC-3'; Cx32A207 reverse 
primer, A207R, 5-CAG AAT TCG AAGCTT CGC САС GTT 
GAG GAT-3'; and Cx32A219 reverse primer, A219R, 5'-САС 
AAT TCG AAGCTT GCG GGC АСА ССС CCG GAT-3. 

The 5' primers were the same as the wild-type counterparts 
shown above. To generate the chimeric constructs the resulting 
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PCR products were digested with Bg/Il or HindIII and ligated 
into the dephosphorylated Велі or HindIII sites of pe-GFP-N1 
respectively [25]. The truncated mutant Cx32A215 was engineered 
by PCR amplification of wtCx32 using the forward primer 
СхЗ2РІ [22] and a reverse primer introducing a premature stop 
codon at amino acid position 215. These primers contained 
BamHI sites to enable subcloning of the PCR products into the 
vector pCR3 (Invitrogen) as described above. 

All ligation reactions were transformed into Escherichia coli 
DHS5a (Gibco-BRL) and positive clones identified by mini- 
plasmid preparation and restriction-enzyme analysis. Selected 
constructs were sequenced using the dRhodamine Dye Ter- 
mination Cycle Sequencing kit (Perkin-Elmer). 


In vivo expression and cellular localization of Cxs 


COS-7 or HeLa cells (European Collection of Animal Cell 
Cultures, Salisbury, Wiltshire, U.K.) were transfected with the 
relevant Cx cDNA and harvested for Western-blot analysis [22]. 
Proteins were characterized using a primary rabbit polyclonal 
anti-GFP antibody, generated against a GFP-calreticulin fusion 
protein [26] and a secondary goat anti-rabbit antibody conjugated 
to horseradish peroxidase (Bio-Rad). Blots were developed using 
the enhanced chemiluminescence (ECL) system (Pierce). 

For cellular localization, 5 x 10° cells were transfected with 
| де of relevant cDNA. Post-transfection (24 h) the cells were 
split on to four 16-mm* coverslips placed in 12-well dishes 
followed the next day by fixation in 4°, formaldehyde, and if 
necessary, processed for immunocytochemical analysis [22]. Co- 
localization of Cx and GFP was confirmed by staining the cells 
with the relevant primary anti-Cx antibodies: for Cx26 Gap 28H 
against the intracellular loop of Cx26 [27]. for Cx32 a monoclonal 
antibody to an intracellular loop sequence was used (Chemicon) 
and a polyclonal rabbit antibody against calreticulin was used as 
an ER marker [26]. The secondary antibody was goat anti-rabbit 
or goat anti-mouse conjugated to Cy3 (Sigma) as required. Cells 
were viewed under a laser confocal microscope (Leitz) and GFP 


Targets Oligomerisation Functionality 


Yes Yes Yes 
Yes Yes Yes 
No ND ND 
No ND ND 
No No No 
Yes Yes No 
Yes Yes Yes 
No Yes No 


Figure 1 Diagramatic representation of the Cx-GFP chimeras and Cx mutants studied 


Cxs were fused in-frame to the N-terminus of GFP. The Cx transmembrane domains are depicted by grey shading. The ability to target to gap junctions, whether Cxs oligomerize to connexons 
and whether the cells were functional according to transfer of Lucifer Yellow are indicated. ND. not determined 
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expression visualized in cells using excitation (488 nm) and 
emission (515 nm) wavelengths. Images were processed using 
Adobe Photoshop 5. 


Analysis of the oligomeric state of chimeric and mutated 
connexons 


The oligomeric status of the chimeric and mutated connexons 
was determined by expression of the proteins in transiently 
transfected COS-7 cells or by cell-free synthesis using a coupled 
in vitro transcription/translation (TNT) system (Promega). 

To determine the oligomeric status in cells expressing the 
chimeric Cx-GFP proteins, 1 x 10’ cells were seeded on to 10-cm 
dishes and transfected with 8 ир of the relevant Cx cDNA [22]. 
Ten plates (1 х 10° cells) were used for each assay. Post- 
transfection (48 h), cells were washed in PBS, harvested in | ml 
of PBS in the presence of protease inhibitors [22]. and the cells 
pelleted by centrifugation at 1000 g for 5 min. 

For determination of the oligomeric status using the cell- 
free system the relevant cDNA was synthesized using the TNT 
system (Promega) supplemented with canine pancreatic micro- 
somes and "S promix (Amersham) as described in [27.28]. 
Membrane-integrated Cxs were separated from free Cxs by 
centrifugation as described in [28]. In both cases, connexons were 
extracted from the cell pellets or the membranes in an orbital 
rotator at 4°C for І h in 500 xl of a buffer containing 20 mM 
triethanolamine, pH 9.2, 20 mM EDTA, 2°, (w/v) dodecyl 
maltoside and 10 mM dithiothreitol, a procedure that maintains 
the connexons intact [29]. As a control, extraction used 20 mM 
triethanolamine, pH 9.2, 20 mM EDTA, 2°, (w/v) SDS and 
20 mM dithiothreitol, which dissociates connexons into Cxs. 
Sucrose-detergent gradients were calibrated with carbonic 
anhydrase (29 kDa) and myosin (209 kDa) marker proteins to 
determine the approximate positions in the gradients where 
monomeric and hexameric Cxs sedimented, corresponding to 5 
and 9 $, respectively [16,30—32]. Under the conditions used 
[10—40 ?,, (w/v) sucrose, 20 h, 150000 g], the sucrose gradient 
was calibrated as < 18°, (w/v; Cxs), 18-28°, (Cx oligomeric 
intermediates) and 28-40 °, (connexons) [27,31,32]. The positions 
of Cxs, intermediate oligomers and connexons present in cell 
extracts resolved by the gradients into 11-12 fractions were 
analysed by SDS/PAGE and ECL" Western blotting using an 
antibody to GFP as described above. With Cxs synthesized in 
vitro by the TNT system [28,32a] Cx, oligomeric Cx and connexon 
analysis was by autoradiography of each of the gradient fractions 
resolved by SDS/PAGE. Densitometric analysis of the ECL" 
Western blots or autoradiographs was carried out using the 
Bio-Rad 700 densitometer and software [27,28]. 


Functionality of chimeric constructs 


HeLa cells were transfected by calcium phosphate transfection 
with cDNA encoding the various Cx-GFP chimeras [22]. Stable 
cell populations expressing the chimeric proteins were selected by 
growing the transfected HeLa cells for 3 weeks in medium 
supplemented with Geneticin (G418 sulphate, 4 mg/ml) and 
GFP-positive cells were sorted using a fluorescence-activated cell 
sorter (Becton and Dickinson). Selected populations of cells were 
grown to confluency and functionality of the cell lines determined 
according to the ability of cells microinjected with Lucifer Yellow 
[5% (w/v) in 0.3 M LiCl] to transfer dye to neighbouring cells. 
Prior to injection (18 h) of cells, protein expression was enhanced 
by addition of 5 mM sodium butyrate to the media [22]. 


RESULTS 
Properties of the Cx-GFP constructs 


The intracellular trafficking of wtCx26- and wtCx32- GFP and a 
series of truncated Cx32-GFP cDNA s expressed in COS-7 and 
HeLa cells and the functionality of gap junctions formed were 
examined. Cx cDNAs were fused in-frame to the N-terminus of 
eGFP. The Cx32-GFP chimeras examined included two con- 
structs, encoding the N-terminal 19 and 93 amino acids, but low 
expression and difficulties in membrane insertion precluded 
further studies. Therefore, two cytoplasmic tail deletions, 
terminating at amino acids 207 and 219, were constructed (Figure 
1). Also, the assembly, trafficking and functionality of two site- 
specific mutations of wtCx32, Cx32E208K and Cx32A215, were 
included as non-chimeric mutants to validate the behaviour 
shown by the truncated Cx-GFP chimeric proteins. 


Expression of Cx-GFP chimeras in mammalian cells 


Western-blot analysis of cell lysates from cells transfected with 
the various Cx32-GFP and Cx26-GFP constructs resulted in the 
detection of immunolabelled protein using an anti-GFP antibody 
and anti-Cx antibodies. The predicted size pattern of the 
expressed protein was observed, i.e. Cx32-GFP (59 kDa) 
Cx32A219-GFP (51 kDa) Cx32A207-GFP (50kDa) eGFP 
(28 kDa; Figure 2). A further protein product. possibly a 
proteolytic product, migrated ahead of the full-length protein in 
the gels. A similar phenomenon was reported recently for 
Cx43-GFP [21]. A Cx26-GFP protein product of the predicted 
molecular mass (54 kDa) was also expressed (Figure 2). 


Cellular localization of Cx-GFP chimeras 


The cellular location of the recombinant chimeric proteins was 
determined by virtue of the inherent fluorescence of GFP (Figure 
1). Analysis by confocal microscopy showed that wtCx26 and the 
Cx26-GFP chimera were targeted to the plasma membrane of 
COS-7 cells giving characteristic punctate gap-junction staining 


2 3 4 5 kDa 





-- 49 


-- 28 


Figure 2 Western-blot analysis of Cx32—GFP chimeric proteins 


COS-7 cells, transfected with the relevant cDNA, were harvested 48 h post-transfection and 
prepared for SDS/PAGE and Western-blot analysis as described in the Experimenta! section 
Proteins were detected using a primary antibody against GFP. Lane 1, Cx32—GFP ; lane 2. 
Cx32A219—GFP ; lane 3, Cx32A207—GFP ; lane 4, eGFP: lane 5, Cx26-GFP 
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Figure 3 Localization of CxGFP chimeras 


COS-7 cells were transfected with the relevant cDNA. Post-transfe 
прес the Experimental section. (А) wtCx26 immu ostained with an antibody aga 
of Cx32; (C) eGFP; (D) Cx26—GFP viewed b GFP autofluorescence; (E) Cx26—GFP immunt 
localization of (D) and (E); (G-H) Cx32—GFP and Cx32A219—GFP viewed by GFP ашо! 
Cx32A207—GFP viewed by GFP autofluorescence (К) celis transfected with Cx32A207—GFF 


antibody: (L) co-localization of (J) and (K). Arrows ind cate targeting to the gap chon 


—< 


(Figures 3A and 3D, respectively). Similarly, wtCx32 and Сх32 

GFP were also targeted to areas of cell contact (Figures 3B and 
3G, respectively). Immunolocalization studies using a Cx26 
antibody confirmed that GFP and Cx26 expression were co- 
incident (Figures 3D-3F), showing that the proteins expressed 
were chimeric. In contrast, eGFP was spread diffusely throughout 
the cell with some cells showing intense nuclear staining (Figure 
3C). A similar cellular localization was observed for the short N- 
terminal segments Cx32A19-GFP and Cx32A93-GFP (results 


C) ZUDU Biochemica 


—- 
- 





{ Pwet 10 rf { wil i TRIE ody 10а! Гү? (12 
cellular | f Cy B) wtC» with à dy against the intracellular loor 
‚ h the i aL 1 1 | "A үа LID! ] F U 
е; (0) Cx32A2 ody а tracellular loop of Cx32; (J 
| * ү ins j sf igate nt ‚ 
| um 


not shown). Cx32A219-GFP was targeted to the plasma mem- 
brane (Figure 3H). However, cells expressing Cx32A207-GFP 
showed no punctate plasma membrane staining, but extensive 
staining of the ER was observed (Figure 3J) 
Immunolocalization studies with relevant anti-Cx antibodies 
confirmed that the Cx component of each mutated chimera co- 
localized with GFP, thus confirming that the proteins were 
expressed together (results not shown). Immunostaining of 
cells expressing Cx32A207—GFP with an antibody to calreticulin, 
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Figure 4 Analysis by rate-sedimentation of the oligomeric status of 
Cx32-GFP chimeras and Cx32 mutated proteins 


Connexons were extracted with detergents from COS-7 cells expressing the Cx32—GFP chimeric 
proteins 48 h post-transfection as described in the Experimental section, After rate sedimentation 
in 10-40% (w/v) linear sucrose—detergent gradients, the proteins in each fraction were 
concentrated and prepared for SDS/PAGE and Western-blot analysis as described in the text. 
(А0) Representative sucrose-gradient profiles of connexons extracted from cells with dodecyl 
maltoside: (A) wtCx32 detected with an antibody against the C-terminal tail of Cx32; (B—D) 
Cx32—GFP, Cx32A219-GFP and Cx32A207—GFP, respectively, detected with an antibody 
against GFP. For quantification, see Table 1. The positions of standard proteins that co-sediment 
with Cxs or connexons are indicated (29 and 209 kDa, respectively) and the positions in the 
gradient of monomeric (M), intermediate (0) and hexameric (H) Cxs are indicated 


a resident ER protein, confirmed the predominant ER location 
of this mutant (Figures 3J—3L). Similar intracellular staining was 
also observed when the site-specific mutation Cx32E208K 
was expressed in COS-7 cells [16,17]. A non-chimeric protein, 
truncated at position 215, i.e. Cx32A215, was examined by 
immunostaining using an antibody against the intracellular loop 
of Cx32, and the results also showed intracellular retention 
(Figure 31). 


Oligomeric status of Cx-GFP constructs 


To investigate the biochemical parameters underlying targeting 
to ER or the gap junction, the oligomeric status of wtCx32-GFP., 
Cx32A219-GFP and Cx32A207-GFP expressed in COS-7 cells 
was determined by a velocity sedimentation procedure that 
separates monomeric and oligomeric Cxs [31,32]. The amount of 
each of the chimeric Cxs sedimenting as monomer [in the 5S 
fraction, i.e. fractions < I8", (w/v) sucrose], incompletely 
oligomerized product [18-28 °% (w/v) sucrose] and hexameric 
connexons [in the 9 S fractions, i.e. > 28", (w/v) sucrose] was 
determined by Western-blot analysis of each fraction from the 
gradient and subsequent densitometric analysis. The results show 
that when wtCx32 was extracted from COS-7 cells using dodecyl 
maltoside, a non-ionic detergent that extracts connexons [29]. > 
70°„ of the expressed protein sedimented as hexamer, 18°, as 
intermediate oligomeric products and 2°, as monomers (Figure 
4A and Table 1). These results show that most of the wtCx32 
expressed in cells was assembled into connexons. Chemical cross- 
linking studies of the 9S fraction showed previously that 
hexameric connexons were present in this fraction [31]. In 
contrast, when wtCx32 was extracted from cells with SDS, which 
dissociates connexons into Cxs [31]. > 70°, of the protein was 
present as monomers (Table 1A). A study of the oligomerization 


Table 1 Oligomeric status of Cx32-GFP chimeras and Cx32 mutated 
proteins 


(A) The oligomerization assay shows the distribution of Cx constructs expressed in COS-7 cells 
(B) The oligomerization potency of the constructs was assessed by using an in vilro assay 
system. The relative oligomeric status of Cxs in each fraction collected from the sucrose- 
detergent gradients was determined by densitometric analysis of ECL* Western blots (A) or 
autoradiograms (B). The resulls are represented as the percentages of Cxs present in the 
relevant fractions of the sucrose gradient; Cx monomer fractions, < 18% (w/v) sucrose 
intermediate oligomer fractions. 18-28% (w/v) sucrose, and connexon fractions, > 28% (w/v) 
sucrose. Data are means + S.E.M., n= 3 


(A) 

Construct % Cx monomer % Intermediate Cxs % Connexons 
wiCx32 22+13 18.7+29 1924-41 
Cx32—GFP 17.2+05 37.4+1.0 4544-13 
Cx32A219—GFP 53+1 5184-17 429-415 
Cx32A207—GFP 486+ 0.5 496+14 1842 7 
w1Cx32 (extracted with SDS) 124-32 2744-13 024-0.9 
(B) 

Construct % Monomer % Intermediate Cxs % Connexons 
wiCx32 30 + 2.6 4234-11 272-15 
Cx32E208K 39 4- 4 334-55 27 45 
Cx32A215 87 +11 11+78 2+04 
wiCx32 (extracted with SDS) 64+35 33+1.1 22+24 





Table 2 Functionality of Cx-GFP chimeric proteins 


HeLa cells expressing the various Cx—GFP proteins were assessed for their ability to transfer 
Lucifer Yellow. The resulls are expressed as the percentages of cells transferring dye to 0—2 
cells, 3—5 cells and to > 5 cells (+ S.E.M.). Experiments were performed in triplicate and а! 
least 20 cells were injected per experiment 


Cells transferring Lucifer Yellow (%) 





Construct 0—2 cells 3—5 cells » 5 celis 
Cx26—GFP 534+ 5.6 18.8 + 3.5 263+ 4.3 
Cx32-GFP 56.8 4-5 1944-65 23.7 4-6.9 
Cx32A219—GFP 88 + 4.3 1194+48 0 

Cx32A207—GFP 907 +73 60+ 1.5 3.2+3.2 
HeLa control 96.6+3.5 27+14 1.0+1.0 





status of the chimeric Cx32-GFP expressed proteins was there- 
fore carried out. This showed that wtCx32-GFP and Cx32A219 
GFP assembled into connexons, albeit at a reduced efficiency 
compared with wtCx32 (45°, compared wrth 70°: Figures 4B 
and 4C, and Table 1A). The reduced level of connexons produced 
resulted in an increase in the ratio of oligomeric intermediate 
non-functional products, suggesting that fusion of GFP to Cxs 
impeded the oligomerization of Cxs into connexon hexameric 
hemichannels. In contrast to the oligomerization behaviour 
of wtCx32-GFP and Cx32A219-GFP, Cx32A207-GFP was 
expressed in cells mainly as monomers and intermediate 
oligomers with only 2", of the protein sedimenting in the 9 5 
fraction (Figure 4D and Table 1A). Parallel studies using a 
complimentary in vitro oligomerization assay system were also 
carried out to analyse two non-chimeric mutants. These studies 
showed that Cx32A215 did not oligomerize into hexameric 
connexons whereas a site-specific mutation, Cx32E208K, 
assembled into hexameric proteins with a similar efficiency to 
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wtCx32 in this im vitro assay system (Table 1B). The results 
identify amino acids 207-219 on the C-terminal tail of Cx32 as 
playing an essential role in the oligomerization of Cxs into 
hexameric hemichannels. 


intercellular dye transfer of cells expressing chimeric Cx—-GFP 


To analyse further intercellular communication by gap junctions 
formed by the Cx-GFP chimenic proteins, HeLa cells that do not 
assemble gap junctions [32] were transfected stably with the 
various constructs (Figure 1). The functionality of gap junctions 
assembled by these cell lines was analysed by their ability to 
transfer Lucifer Yellow to 3—5, or 5 or more, neighbouring cells. 
The results show that cells expressing wtCx26-GFP or wtCx32- 
GFP efficiently formed gap-junction channels with 18 8 and 
19% of injected cells transferring dye to 3—5 cells, respectively, 
and 26.3 and 23.7% of the cells transferring dye to 5 or more 
neighbouring cells, respectively. In control (non-transfected) 
HeLa cells only 1 % transferred dye to more than 5 neighbouring 
cells (Table 2). The functionality of Cx32A219~GFP was reduced 
compared with wtCx32-GFP, with 11.9% of cells transferring 
dye to 3—5 cells, although Student's t-test analysis showed this 
not to be significantly reduced compared with wtCx32-GFP. 
However, communication to more than 5 cells was severely 
compromised (P < 0.05). The functionality of Cx32A207- GFP 
was reduced further, and was similar to that of the ‘null’ HeLa 
cells (P « 0.05) (Table 2). 


DISCUSSION 


The assembly of multimeric gap-junction intercellular com- 
munication channels from the constituent Cx subunits is a 
complex process [2]. As two or more cells contribute to the 
formation of the direct cell-to-cell channel, the component 
reactions leading to assembly can be analysed by following the 
formation of gap-junction hemichannels. Following insertion 
and correct topological folding of the Cx subunit in the ER, 
oligomeric association generates hexameric structures in which 
Cxs are arranged around a central pore [33]. Connexons may be 
homomeric or heteromeric in composition, which can result in 
varying channel permeabihty properties [31,34]. The position 
in the secretory pathway where Cx subunit association leading to 
channel formation occurs is unlikely to be the trans-Golgi [30], 
for Cx oligomerization is a progressive and sequential process 
initiated in the ER, and completed in the Golgi apparatus 
[31,32]. 

The current work aimed to identify specific amino acid 
sequences involved in targeting of Cxs/connexons from intra- 
cellular stores to the plasma membrane and gap junction. The 
approach taken involved analysis of the expression in mammalian 
cells of a range of intact and truncated Cxs with GFP attached 
to the Cx C-terminal tail. Chimeric Cx32-GFP or Сх26-СЕР 
were targeted to the gap junction and studies involving inter- 
cellular transfer of Lucifer Yellow showed the intercellular 
channels to be functional. The experiments using chimeric Cx32 
showed that most of the 78 amino acids comprising the cyto- 
plasmic C-terminal tail were not required for intracellular 
trafficking to the gap junction, but a short amino acid sequence 
leading from the fourth membrane traverse was crucial. A 
truncated chimera, Cx32A207-GFP, which inefficiently oligo- 
merized into hemichannels, was arrested mainly in the ER. In 
contrast, Cx32A219-GFP, which oligomerized with a similar 
efficiency to Cx32-GFP, trafficked along the secretory pathway 
and was targeted to the plasma membrane. Thus a gap-junction- 
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targeting motif resides between amino acid residues 207 and 219 
of Cx32. To analyse further this short sequence, we studied 
two further mutations, Cx32E208K, a point mutation, and 
Cx32A215, a truncated protein, both observed in the peripheral 
neuropathy, CMT-X disease [7]. The results, taken together with 
others [16,17], show that the Cx32E208K and Cx32A215 mutants 
accumulated primarily in intracellular membranes. Other Cx32 
mutations associated with CMT-X, e.g. Y211stop, R215W, 
R215Q and R215stop, were shown not to form gap junctions 
using electrophysiological techniques in Xenopus oocytes [13] but 
their trafficking competence in mammalian cells was not studied. 
The Cx32E208K. mutant [16] oligomerized to a similar extent as 
wtCx32. Although productive association of Cx subunits to 
generate a hexameric hemichannel is a fundamental requirement 
for formation of functional gap junctions, the present results 
suggest that targeting motifs present in this 12-amino acid region 
on the cytoplasmic tail can override association into hemi- 
channels [16]. 

Targeting sequences of monotopic membrane proteins are 
invariably located at cytoplasmic areas contiguous to the 
membrane-traversing sequence [35], but with polytopic proteins, 
such as Cxs, the situation appears more complex Further 
domains appear to be involved ın the assembly of multimeric 
membrane-associated proteins. For example, both N- and C- 
terminal regions contribute to the assembly and functional 
expression of homo- and heteromeric voltage-gated K* channels 
[36]. The fifth and sixth membrane-spanning regions of the 
inositol 1,4,5-trisphosphate receptor have been shown recently to 
be key determinants in receptor oligomerization [37]. The 
targeting sequence now identified on the C-terminal tail of Cx32 
is cytoplasmic, situated close to the membrane and coincides 
with one of two calmodulin-binding sites identified on Cx32 [38]. 
Analysis of several Cx32 mutations at the N-terminal tail suggests 
that targeting determinants also exist in this domain [16]. 
However, the truncation mutants Cx32A19—GFP and Cx32A93— 
GFP could not be used owing to the role of this domain ın 
insertion into the ER [28,32а]. Furthermore, gap-junction 
targeting determinants may be interlinked with properties under- 
lying association into hexamers in which Cxs are arranged 
around a central channel. The present data obtained in cells 
expressing Cx32E208K emphasize the dominant requirement for 
maintaining the correct amino acid sequence in this region of the 
protein. The accumulation mainly in the ER of Cx32E208K, 
where oligomerization occurred, and the limited oligomerization 
and intracellular location of Cx32A207—GFP, illustrate the 
complexity of the various processes that regulate intracellular 
trafficking and connexon hemichannel formation in the secretory 
pathway. 

The present results illustrate the utility of GFP as a reporter 
protein in the study of the targeting of Cxs and their assembly 
into gap junctions. GFP was more resilient in the recombinant 
construction of Cx chimeras than other reporter proteins, such 
as aequorin (Aeq), used to measure the cytoplasmic calcium 
environment [22,40] and Z-galactosidase [41]. Although a Cx26— 
Aeg chimera was shown not to be expressed [22], this deficiency 
was corrected by exchanging the short C-terminal tail of Cx26 
with that of Cx43 [40]. The trafficking properties of a range of 
truncated and mutated Cxs in gap-junction-associated disease 
models such as CMT-X disease [16,27] and sensorineural deafness 
[27] are now open to investigation in live cells expressing Cx-GFP 
chimeras. 
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Natural resistance-associated macrophage protein 2 (Nramp2) 
has been suggested to be involved in transferrin-independent iron 
uptake. Two isoforms of the Nramp2 gene generated by alterna- 
tive splicing of the 3’ exons were identified ın mouse, rat and 
human, but it is unclear if they perform distinct functions. To 
rationalize our previous work, which indicated an increase in 
iron deposition in a Parkinsonian monkey brain, two monkey 
Nramp2 isoforms were isolated for a comparative study to assess 
their relative iron-uptake abilities, tissue distribution and sub- 
cellular localization. The monkey Nramp2 isoforms, 2a and 2b, 
exhibit approx. 9895 identity at the amino acid level when 
compared with the human homologues. The Nramp2a transcript 
contains a canonical iron-responsive element (IRE), whereas 
that of Nramp2b lacks the IRE motif in the 3' untranslated 


region. By reverse transcriptase (RT)-PCR, the mRNAs of both 
isoforms were detected in all tissues examined. The amino acid 
differences at the C-terminus neither affected the protein ex- 
pression levels in HEK-293T and COS-7 cells nor altered the 
subcellular localization and tissue distribution of the isoforms. 
Similar levels of iron uptake were detected in the НЕК -293T cells 
transfected with either the Nramp2a or 2b gene, and a reduction 
of iron from the ferric (Fe**) to the ferrous (Fe**) state is 
necessary before transport can take place. However, this 
transferrin-independent uptake of iron into the cells is not a 
Ca?*-dependent process. 


Key words: alternative splicing, gene cloning, Parkinson's dis- 
ease, transferrin-independent iron uptake. 





INTRODUCTION 


Iron is an essential trace element that is important for many 
biological processes, including oxygen transport and electron 
transport during cellular respiration [1,2]. Iron is also important 
as a cofactor for enzymes involved in neurotransmitter synthesis 
[3,4]. Overload of free iron has been implicated in the generation 
of reactive oxygen species, which mediate permanent cell and 
tissue damage [5—7]. An increased iron concentration was found 
at the substantia nigra pars compacta (SNPc) in Parkinsonian 
brains, and it has been suggested that the iron-catalysed pro- 
duction of hydroxyl free radicals might be involved in the onset 
of the disease [8-11]. We and others have demonstrated that the 
levels of transferrin or its receptor did not increase in the 
]-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) or 6- 
hydroxydopamine (6-OHDA)-induced Parkinsonian brain, indi- 
cating that the transferrin-dependent pathway might not be 
responsible for the increased influx of iron into the cells [8,12]. 
Thus the greater iron deposition in neurons and/or glial cells in 
the SNPc of the Parkinsonian brain might occur by a different 
iron transport mechanism. 

A novel non-haem iron transporter gene was identified in 
mk/mk mouse (Nramp2) by positional cloning [13] and in rat 
DCTI (divalent cation transporter 1) by expression cloning in 
oocytes [7]. DCT1 has been shown to be a membrane-potential- 
dependent, proton-coupled metal-ion transporter that has a 
broad range of substrates, including Fe**, Zn**, Mn**, Co**, 


Cd**, Cu**, Ni** and Pb?* [7]. By functional complementation of 
a smf! mutant yeast defective in bivalent cation transport, the 
mouse Nramp2 transporter was also shown to be capable of 


- Mn'** transport [14]. Heterologous expression of mouse Nramp2 


іп HEK-293T cells demonstrated that the Nramp2 isoform could 
functionally transport Fe?* as well. Introduction of the mutation 
Gly'* 5 Arg into the protein abrogated iron-transport activity 
[15]. This same mutation was discovered both in the microcytic 
anaemia (mk) mice and in Belgrade (b)-rats, and these animals 
were also found to be defective in transferrin-mediated iron 
transport, resulting in severe iron-deficiency anaemia [13,16,17]. 
These previous studies seem to imply that Nramp2 could be 
involved in both transferrin-dependent and transferrin-inde- 
pendent transport of iron into the cell. There have also been 
some contradictory reports regarding the necessity for both a 
reduction of iron from the ferric to ferrous form and the presence 
of Ca** for the transferrin-independent iron-uptake process to 
occur [18—20]. Clearly, for a better understanding of its roles in 
iron uptake, the functions and properties of Nramp2 need to be 
further characterized. 

Two Nramp2 isoforms, arising possibly from the alternative 
use of the polyadenylation signal exons, have been identified in 
mouse [21], rat [7] and human [22,23]. The spliced mRNA for 
Nramp2a, but not 2b, contains in its 3’ untranslated region a 
copy of the iron-responsive element (IRE) known to confer iron- 
dependent stability to the mRNA [24]. The two isoforms have 
different C-termini. However, whether the two isoforms perform 


Abbreviations used BPS, bathophenanthroline disulphonate, DMEM, Dulbecco's modified Eagle's medium, IRE, iron-responsive element, MPTP, 1- 
methyl-4-phenyl-1,2,3,6-tetrahydropyridine, Nramp2, natural resistance-associated macrophage protein 2, NTA, nitnlotriacetic acid, 6-OHDA, 6- 
hydroxydopamine, RT, reverse transcriptase, SNPc, substantia nigra pars compacta; UTR, untranslated region 
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distinct functions is not known, because the characterization of 
the functions, localization and regulation of these two isoforms 
have not been studied in tandem. 

Recently, we detected an increase in iron in the SNPc of 
a MPTP-induced Parkinsonian monkey by nuclear microscopy 
(Y. He, P.-S. Thong, T. Lee, S.-K. Leong and F. Watt, unpub- 
lished work). Meanwhile, Nramp2 mRNA was found to be 
expressed at a relatively high level in rat SNPc [7]. As an initial 
step to determine whether Nramp2 is responsible for the increased 
iron deposition in Parkinsonian monkey brain, we have isolated 
cDNAs encoding monkey Nramp2a and Nramp2b, and have 
carried out a comparative study of the two Nramp2 isoforms. 
Here, we report the charactenzation of the function and sub- 
cellular localization of the monkey Nramp2a and Nramp2b in 
transfected HEK-293T and COS-7 cells, and their distribution 
in various monkey tissues. 


EXPERIMENTAL 
Cloning of monkey Nramp2a and Nramp2b cDNA 


Monkey Nramp2a and Nramp2b full-length cDNAs were iso- 
lated by reverse transcriptase (RT)-PCR. The primers used were 
obtained from the highly conserved sequences of the 5’ and 3’ 
untranslated regions (UTRs) of the Nramp2 genes of the mouse 
[16,21], rat [7,16] and Human [22,23]. The reverse primer for 
Nramp2a contains an invariant sequence, Mon2aR (5' AAA 
CAC ACT GGC TCT GAT GGC 3’), which includes the IRE 
For Nramp2b, the reverse primer was slightly degenerate, and 
was designated Mon2bR (5' GAA CAA RYT CAC CTC IGA 
ACT AA 3’; І = deoxyinosine). A common forward primer 
MonFI (5' CT CAG GTA TCC ACC ATG GTG 3’) was used 
for both Nramp2a and Nramp2b (Figure 1). First, the cDNA 
strand was synthesized by using 1 др of monkey kidney total 
RNA and the SUPERSCRIPT® II RT (Gibco BRL, Gaithers- 
burg, MD, U.S.A.). High-fidelity PCR reactions were en- 
sured by using ‘hot-start’ and a mixture of Platinum Taq (Gibco 
BRL) and Pfu (Stratagene, La Jolla, CA, U.S.A.) DNA poly- 
merases in a ratio of 12.5:1. The PCR program was as follows: 
an initial denaturation was set up at 94 °C for 4 min, followed by 
30 cycles of amplification at 94 °C for 40 s, 50 °C for 1 min, 72 °C 
for 2 min, and a final extension at 72 °C for 10 min. The PCR 
products were cloned into a pGEMTeasy vector (Promega, 
Madison, WI, U.S.A.), and sequenced using an ABI model 377 
Automated DNA Sequencer (Perkin-Elmer, Norwalk, CT, 
О.8.А.). 


Southern blot analysis of genomic DNA 


Southern blotting for Nramp2 was performed following standard 
protocols [25]. The blot was hybridized to a 321-bp **P-labelled 
Nramp2 probe (nt 862 to 1182) at 60 °C for 16 h, and washed at 
60 °C in 0.2 x SSC/0.1% SDS (where 1 x SSC is 0.15 M NaCl/ 
0.015 M sodium citrate). 


Hemi-nested RT-PCR for detecting tissue distribution of monkey 
Nramp2 mRNA 


Total RNA was isolated by using TRIZOL® Reagent (Gibco 
BRL) from frozen tissues of adult male monkeys (Macaca 
fascicularis): cerebral cortex, cerebellum, medulla, lung, liver, 
spleen, kidney, testis and skeletal muscle. Of each RNA, 1 ug was 
used for RT-PCR. In the first round of amplification, the 
forward primer MonF3 (5 TGT ACC TGC ATT CTG CCT 
TAG 3”) was used for both Nramp2a and Nramp2b. The reverse 
primer for Nramp2a was 2aProbe (5 ATC CAG TGT TAT 
TTA GTG TAG 37), and the reverse primer for Nramp2b was 
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2bProbe (5° ААС TAA CAG AGA ТСТ TAA CAG 37. The 
resulting PCR products were gel-purified (Qiagen, Hilden, 
Germany) and 1 yl of the eluted PCR products from different 
tissues were used as templates for secondary PCR reactions. The 
forward primer for both Nramp2a and Nramp2b was changed to 
HybriF (5 GAA GTT CGA GAA GCC AAT AAG 3’), which 
was 56 bp downstream of MonF3. The reaction mixture lacking 
RT was used as a negative control in the RT-PCR procedure; 
reaction mixture without cDNA was used as a negative control 
in secondary PCR. The cloned Nramp2a and Nramp2b cDNAs 
were used as templates for testing the specificity of the PCR 
amplifications. 


Construction of Nramp2—c-Myc expression plasmids 


The Kozak sequences (CCACC) [26] were introduced by PCR 
immediately upstream of the ATG start codon of Nramp2a or 
Nramp2b, while sequences encoding three tandem copies of the 
c-Myc antigenic peptide (GEQKLISEEDLN) were ligated in- 
frame at the 3’end. The Nramp2-c-Myc sequences were then 
subcloned into the eukaryotic expression vector, pRc/RSV 
(Invitrogen, Carlsbad, CA, U.S.A.). 


Cell culture and transient transfection 


COS-7 and HEK-293T cells were maintained 1n Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 10% 
(v/v) fetal-bovine serum, 2 mM L-glutamine, 100 units/ml 
penicillin, 100 ug/ml streptomycin and 0.25 ug/ml amphotericin 
B. These cells were grown to a density of 2 х 10% in six-well 
Nunclon® dishes for Western blotting, or on poly-(p-lysine} 
treated cover slides for immunostaining. For iron-uptake assay, 
the cells were grown in 9-cm Nunclon® dishes to a density of 
2 x 10*. Expression plasmid (0.2 ug or 1 ug) was added to each 
well for transfection by using the Qiagen Effectene Transfection 
Kit, as described by the manufacturer. For negative controls, the 
cells were transfected either with vector alone or without DNA. 


Western blotting and immunocytochemistry 


After transfection (48 h), the cells grown in six-well dishes were 
trypsin-treated and collected. The cells were then resuspended in 
300 ul of cell-disruption buffer [0.2 M. Tris/HCl, 10 mM MgCl,, 
l mM dithiothreitol, 10% (v/v) glycerol, 2 mM PMSF and 
2 ug/ml pepstatin A (pH 8.0)], and sonicated. The homogenates 
were centrifuged and proteins in the supernatant were collected. 
Upon determination of the concentration by Bradford assay, 
10 ug of protein from the supernatant was loaded on to an 
SDS/1095-polyacrylamide gel, and electrophoresed (SDS/ 
PAGE) under reducing conditions. Following gel electrophoresis, 
the fractionated proteins were transferred in blotting buffer 
[20% (v/v) methanol, 25 mM Tris base, 192 mM glycine and 
0.1% (w/v) SDS] to Hybond-C extra membrane (Amersham, 
Piscataway, NJ, U.S.A.) overnight at 4 °C. The blot was blocked 
for 1 h with PBS containing 5% (w/v) skimmed milk and 0.1% 
(v/v) Triton X-100, washed, and incubated for 2 h with an anti- 
(c-Myc) antibody (9E10; Santa Cruz Biotechnology Santa Cruz, 
CA, U.S.A ) diluted 1: 1000. The membranes were washed three 
times in 0.1% Triton X-100 in PBS, incubated for 1h with 
horseradish-peroxidase-conjugated anti-mouse IgG (Pierce, 
Rockford, IL, U.S.A.) diluted 1:8000, and washed three times 
in 0.1% Triton X-100 in PBS. Proteins were revealed using 
enhanced chemiluminescence lighting system (ECL; Pierce). To 
detect actin protein, the membrane was reprobed with a mono- 
clonal antibody raised against actin (Boehringer Mannheim, 
Mannheim, Germany) diluted 1:500. 


wv 


For immunostaining, 48 h after transfection the cells growing 
on cover slips were washed with PBS and fixed with 3.7% (w/v) 
paraformaldehyde for 10 min. After blocking with 10% (v/v) 
normal sheep serum for 10 min, the cells were incubated with the 
anti-(c-Myc) antibody (9E10) diluted 1:1000 overnight at 4 °C. 
The cells were then washed three times ш 0.1 9 Triton X-100 in 
PBS, and incubated for 1 h with fluorescein-conjugated sheep 
anti-mouse IgG (Boehringer Mannheim) diluted to 20 ug/ml 
This was followed by three changes of PBS to remove unreacted 
secondary antibody. The cells were then counterstained with 
propidium iodide and viewed under a Zeiss confocal microscope. 


Transferrin-independent iron-uptake assay 


*5Fe-nitrilotriacetic acid (5Fe-NTA) was prepared by addition 
of FeCl, (New England Nuclear, Beverly, MA, U.S.A.) to a 
20-fold molar excess of the disodium salt of NTA. After 
transfection (48 h), the cells growing 1n 9-cm dishes were incu- 
bated for 1 h in serum-free DMEM to deplete cells of transferrin. 
The cells were then washed with PBS and washing buffer (25 mM 
Tris, 25 mM Mes, 140 mM NaCl, 5.4 mM KCl, 5 mM glucose, 
1.8 mM CaCl, and 800 uM MgSO, pH 5.5) before incubation in 
a buffer (25 mM Tris, 25 mM Mes, 140 mM NaCl, 5.4 mM КС], 
5mM glucose, 1.8mM CaCl, and 800 uM MgSO, pH 5.5) 
containing 1 uM °Ре-МТА at 37°C for 20 min. For ferrous 
iron-uptake assay, 50 uM ascorbic acid was added in the 
incubation buffer to keep the iron in the ferrous state. The cells 
were then washed with incubation buffer and removed by 
digestion with 2 ml of 0.5% trypsin/EDTA (Sigma, St. Louis, 
MO, U.S.A.) at 37 °C for 2 min. Cells were washed with ice-cold 
washing buffer and centrifuged twice. The cell pellet was dissolved 
in 1 ml of liquid-scintillation cocktail (ICN Biomedicals, Costa 
Mesa, CA, U.S.A.). Radioactivity was determined by using a 
Beckman LS6000 scintillation counter with a band-width of 0 
to 400. 

To determine whether the reduction of ferric iron is required 
for transport via Nramp2, the impermeable ferrous iron chelator, 
bathophenanthroline disulphonate (BPS), was used. After trans- 
fection (24 h), the cells grown in 9-cm dishes were split equally 
into four wells of the six-well multidishes pretreated with poly- 
(D-lysine). The cells were then cultured for a further 24 h in an 
air/CO, mixture (19:1) at 37 °C. Ferric iron-uptake assay was 
performed as described above, except that BPS was added in the 
incubation buffer. Toxicity assays of BPS on the cells were 
performed similarly, except that the cells were put back into 
culture to assess viability after exposure to various concentrations 
of BPS up to 10 4M. All thé experiments were repeated three 
times. 

To investigate the effects of Ca** on the function of Nramp2, 
cells were split and grown on poly-(p-lysine)-treated dishes 24 h 
after transfection. After transfection (48 h), the cells were incu- 
bated in serum-free DMEM for 1 h, and washed with PBS. The 
cells were then washed twice in 1 mM EGTA for 5 min. Ferrous 
iron uptake was measured as above, except that Ca!* was 
removed from the washing buffer and added to the incubation 
buffer at various concentrations. The time for iron uptake was 
reduced from 20 to 10 min. The cells not washed in EGTA were 
used as a control; once again, three independent experiments 
were performed. 


RESULTS 
Isolation of cDNAs encoding the two Isoforms of monkey Nramp2 


By designing degenerate oligonucleotides that correspond 
to conserved regions of the Nramp2 proteins, we were able to 
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isolate a partial CDNA from monkey-kidney and -brain mRNAs. 
Alignment of this monkey partial Nramp2 cDNA sequence with 
the mouse, rat and human DNA sequences revealed a very high 
homology with the Nramp2 DNA sequences among the different 
species (results not shown). Subsequent alignment of the DNA 
sequences of the 5’ and 3’ UTRs flanking the various Nramp-2a 
and -2b genes from mouse, rat and human helped in the design 
of the PCR primers for the cloning of the complete coding 
sequences for the two isoforms of the monkey Nramp2 genes by 
the RT-PCR method (Figure 1). The high fidelity in RT- 
PCR cloning was demonstrated by the identical sequences of 
six Nramp2a and seven Nramp2b clones analysed. The monkey 
Nramp-2a and -2b sequences have been deposited into GenBank® 
(accession numbers AF153279 and AF153280 respectively) and 
the only difference between the two isoforms is found in the 
C-terminus, in which there are also an extra 7 amino acids 
in Nramp2b (Figure 2). Both isoforms display approx. 91% to 
approx. 98 % identity at the amino acid level with the mouse, rat 
and human Nramp2 proteins. The Kyte—Doolittle hydrophilicity 


A 


AAATAA- CACTGGATTAGTCTGTCT- - - - - - - TCTGCAGGTAGCCATCAG 
AAGTA AACACTOGGTCAGCCTGTCTGTCTGTCTTTGCAGGGAGCCATCAG m 
A, аи ~» ~- TCTGTCTGTCTTTGCAGGGAGCCATCAG mouse 


stop codon Моб: 3'TCOGTAGTC 


AGCCAGTGTGTTTCTATGGTTTACTGTGT human 
AGCCAGTGTGTTTCTATGOTTTACTGTGT ræ 


AGCCAQTGTGTTTCTATGGTTTACTGTGT moase 


TCG GT CA C A CA AA 5' 


B 


AGA TGQACTGACAGCCTGAGAGACTCTATAAGAACATGTTTTTCTAAGCCC human 
AGA TGACCAACAGCCCAGAAGACTTT- - AAGAACAC- TTTCTCTAAGCCC rx 
AGA a alae - AAGAACAC- TTTCTCTAAGCCC moere 


пор собом 


TTTTTGTGCCAGGTGTCCCGTTAACGTCTCTGTTAGTTCAGAGGTGAGTT human 
TTTT- GTGCCAAGTGTCT- GITAGCAAATCCCTTAGTTCAGAGGTGAACT mt 
TTTC- GQGCCAAGTGCCT- GTTAGCAAATCCCTTAGTTCGGAGGTGAGCT mouse 


MADR 3'AATCAAGICTCCACTYRA 


TTGTTCAGACGT horas 
T- GTTCAAATGT rat 
T- GITCAAAQGT mouse 
А CAAGS5' 
C 
stat codon 
v 


AACTCAQCCACTCAGGTATCCACCATGGTGCTGGGTCCTG hon 
AGQCACAGATCCTCAGGTATCTACCATGGTGTTGGATCCTOG mt 
AGCACAGACCCTCAGGTATCTACCATGGTGTTOGATCCTA тоом 


MoaFl 5' CTCAGGTATCCACCA TGGTG 3' 
Мої? T CTCAGGTATCTACCA TGGTO 3 


Figura 1 Primers for cloning of monkey Nramp2a and Nramp2b cDNA 


(A) The reverse primer Mon2aR was chosen by comparing the 3^ UTRs of human, rat and 
mouse Nramp2a transcripts The conserved IREs are underlined The nucleotide sequence for 
Mon2aR 15 shown under the alignment. (B) The reverse primer Mon2bR was designed to target 
а conserved sequence in the 3^ UTRs of Nramp2b transenpts The nucleotide sequence of this 
orimer is slightly degenerate, and is shown under the alignment |, deoxyinosine. (C) Two 
forward primers, MonF1 and MonF2, were designed by comparing sequences across the start 
codon There was only a single base difference between MonF1 and MonF2 
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Figure 2 The deduced amino acids of the monkey Nramp2a protein 
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plot predicts that the monkey Nramp2 protein should contain 12 
transmembrane domains with both N- and C-termini projecting 
into the cytoplasm. The monkey Nramp2 protein contains 
the common prokaryotic and eukaryotic transporter motif 
(amino acids 384—403) known as the ' binding-protein-dependent, 
inner-membrane-component transport signature' [27]. Between 
transmembrane segments 7 and 8 is a large predicted extracellular 
loop that contains two putative glycosylation sites. Southern blot 
analysis detected a single band from monkey genomic DNA 
digested with various restriction enzymes (results not shown), 
indicating that Nramp2 1s a single gene. 


Tissue distribution of monkey Nramp2a and Nramp2b mRNA 


Previous studies have shown that the expression of mouse 
Nrampl is restricted to the macrophages, whereas the mouse, rat 
and human Nramp2 genes are expressed ubiquitously in many 
tissues and cell types [7,21,28]. To date, the tissue distributions 
of Nramp-2a and -2b have not been compared To determine if 
Nramp-2a and -2b are differentially expressed in different tissues, 
or if there are cellular mechanisms that preferentially generate 
one splice form over the other, we used the RT-PCR technique 
to examine the expression patterns of the mRNAs for the two 
isoforms (Figure 3). The PCR conditions were optimized for 
specific amplification of each isoform. The negative control, in 
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which no RT was added, did not yield any PCR product. The 
specific PCR products for both Nramp2a and Nramp2b were 
detected from the total RNÀ prepared from all the tissues 
examined. The aggregate levels of Nramp-2a and -2b mRNAs 
were uneven among different tissues. The mRNA levels in brain, 
kidney, testis, liver and skeletal muscle were comparable, but 
higher than those in lung and spleen. 


Subcellular localization of Nramp-2a and -2b 


We made two expression constructs where a DNA sequence 
encoding three tandem copies of c-Myc epitope was fused in 
frame to the C-terminal end of Nramp2a- and Nramp2b-coding 
regions. The c-Myc-tagged Nramp2 proteins were expressed in 
transfected cells, and their cellular localization was determined 
by immunostaining using an anti-(c- Myc) antibody. After trans- 
fection, the transient expression of the Nramp2 proteins was first 
examined by Western blot analysis (Figure 4A). A major band of 
approx 65 kDa, close to the predicted molecular mass of the 
Nramp2 proteins, was produced in the HEK-293T cells trans- 
fected with either Nramp2a (Figure 4A, lane 3) or Nramp2b 
(Figure 4A, lane 4) gene. Faint bands of approx. 90 kDa were 
also observed, which were probably the glycosylated forms 
of the Nramp2 proteins. No band was detected in the extracts of 
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Figure 3 Hemi-nested RT-PCR for detecting tissue distribution of the two 
isoforms of the monkey Nramp2 gene 


Total RNA (1 jg) from different monkey tissues was used. For a negative control, no RT was 





added. Cloned cDNA for Nramp2a or Nramp2b was also used as a control in PCR reactions 
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Figure 4 Western blot analysis of Nramp2 expression in HEK-293T cells 
transfected with c-Myc-tagged Nramp2a or Nramp2b 


Each lane contains 10 ий of proteins. The blot was first probed with monoclonal anti-(c-Myc) 
antibody (А), and then reprobed with anti-actin antibody (B). Lanes 1, untransiected cells; lanes 
' cells transfected with pRc/RSV vector alone; lanes 3, cells transfected with Nramp2a 
construct: lanes 4, cells transfected with Nramp2b construct 


the untransfected cells or cells transfected with the expression 
vector alone. Each lane was also stained for actin to demonstrate 
that similar amounts of protein were used (Figure 4B). 

The subcellular localization of the two Nramp2 isoforms was 
determined by immunostaining using c-Myc antibody. Confocal 


microscopy demonstrated that the localization patterns of 


Nramp-2a and -2b proteins were similar. Both isoforms showed 
strong punctate staining in the cytoplasm, and a faint staining on 
the plasma membrane (Figures 5C, 5D, 5G and 5H). This 
pattern was observed in both the COS-7 (Figure 5C and 5D) and 
HEK-293T (Figures 5G and 5H) cells transfected with constructs 
for both isoforms. Untransfected cells (Figures 5A and 5E) or 
cells transfected with the vector alone (Figures 5B and 5F) 
exhibited only propidium iodide staining for the nucleus, with no 
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fluorescein signals at all. The punctate staining pattern suggests 
an endosomal localization of the Nramp2 proteins. which has 
also been demonstrated in other studies describing Nramp2 co- 
localization with transferrin receptors in endosomes and its 
presence in the endosomal membrane fraction [15,17]. The results 
above demonstrate that the different C-termini affected neither 
the expression levels of the two Nramp?2 isoforms nor their 
subcellular localization in the transfected cells 


Monkey Nramp2a and Nramp2b demonstrate a similar ability in 
the transferrin-independent uptake of iron 


The ability of Nramp2a and Nramp2b in iron transport has not 
been compared. Our Western blotting results above revealed 
similar levels of protein expression for both Nramp2 isoforms in 
transiently transfected HEK-293T or COS-7 cells. To determine 
whether the difference in the C-termini might play a regulatory 
role in the protein's iron transport activity, we carried out assays 
to measure the uptake of *Fe** or "Fe? by HEK-293T cells 
transfected with either Nramp2a or Nramp2b construct. Both 
Nramp2a and Nramp2b were found to confer on the transfected 
cells the same level of iron transport, giving rise to more than à 
150-fold increase of **Fe** uptake and a 50-fold increase of 
"Fe?' uptake over untransfected or vector-tansfected HEK- 
293T cells (Figures 6A and 6B). This result shows that the 
difference in the C-termini again has no detectable effect on the 
iron-transport efficiency of the two monkey Nramp? isoforms, at 
least under the experimental conditions used. However. it should 
be noted that, in the overexpression system, the total effect 
will be largely amplified. This might be the reason why there is 
such a marked increase in the cross-plasma-membrane **Fe 
uptake via Nramp2, although most of the protein is localized in 
endosomes in the transfected cells. In order to investigate 
transferrin-independent iron transport via Nramp2 expressed on 
the plasma membrane, we minimized the possible contamination 
by transferrin in our experiments. This was done by incubating 
the transfected cells first in serum-free medium to deplete 
transferrin and at pH 5.5, a pH value at which transferrin binds 
iron poorly and is not internalized by the cells [18]. The stronger 
Nramp2 expression on the endosomal membrane (Figure 5) 
might result in an even higher level of iron uptake via the 
transferrin-dependent pathway. 


Fe'' reduction is a prerequisite of iron transport by monkey 
Nramp2 


Iron uptake by Nramp2 decreased greatly (by approx. 14-fold) in 
transfected HEK-293T cells when *Fe*-NTA was replaced 
with **Fe**-NTA. However, iron uptake in these cells was still 
much higher than that of untransfected cells (Figure 6B). The 
higher uptake rate of Ее?” over Ее?” raises the question of 
whether Nramp2p transports Fe** more efficiently, or a reduction 
of Ее? to Fe?’ is a prerequisite for transport to happen. We 
addressed this question by using different concentrations of BPS, 
a selective impermeant Fe* chelator, to block ferrous-iron 
transport by Nramp2p. A decrease of Fe" transport was 
observed with the increase in BPS concentration. At 1 #M BPS, 
approx. 75°, of iron uptake was inhibited and, in the presence 
of 10 «М BPS, Ее?“ transport was reduced to near-background 
level (Figure 7). Similar results were also obtained when another 
ferrous iron chelator, ferrozine, was used (results not shown). 
This result indicates that a reduction of Fe** to Ре?” is necessary 
before iron uptake by Nramp2 proteins occurs. 
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Figure 5 For legend see facing page. 
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Figure 6 Iron transport activity of Nramp2a and Nramp2b 


Non-transfected HEK-293T cells and celis transfected with the constructs Indicated were 
incubated for 20 min in Incubation bufler containing 1 uM FFe?*-NTA (А) or *Fg*-NTA 
(B) The radioactivity was then determined 


iron uptake of Nramp2 Is not Ca**-dependent 


Transferrin-independent iron uptake has been shown to be Са?+- 
dependent in most cells [20]. To determine whether Ca** has а 
role in regulating the iron transport by Nramp2 protem, we 
examined the effect of Ca** in the iron-transport process in 
Nramp2-transfected HEK-293T cells. Iron-uptake assay con- 
ducted in Ca?*-free buffer did not show a decrease in **Fe**- 
NTA transport. Instead, when 10 mM Сах was used, iron 


Figure 5  Suhbeellular localization of Nramp2a and Nramp2b proteins 
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Figure 7 Effect of BPS on Fe?* and Ре? uptake mediated by Nramp2 
expressed In HEK-293T celis 


Non-transtected HEK-293T cells and cells transfected with constructs indicated were incubated 
for 20 min in Incubabon buffer with 1 uM ®Fe**-NTA and different concentrations of BPS 
The radioactivity was then determined Iron uptake in non-ransfected cells was taken as the 
background level, and subtracted from that of transfected cells The amount of uptake 
determined in the absence of BPS was defined as 100% 
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Figure 8 Effect of Са?+ on tron-transport activity of Nramp2 


Non-transfected calls and transfected HEK-293T cells were treated with EGTA as described in 
the Experimental section, and then incubated for 10 min with *Fe**-NTA and different 
concentrations of Ca^*. The iron uptake of non-transfected calls was deducted from that of 
transfected cells, The amount of radicactrvity accumutated in the absence of Са2+ was defined 
as 100%. *, P < 005 compared with control, as determined by using the Mann—Whitney test 


Two cell lines, COS-7 (А-0) and HEK-293T (E-H), were used for this study Non-transfected calis (A, E) and cells transfected with the vector alone (В, Р) serve as negative controls Both types 
of call were transfected with a construct expressing either Nramp2a (C, 8) or Nramp2b (D, Н) Calls were stained with both the nuclear stain, propidium iodide (red), and antl (c-Myc) antibody 
plus fluorescein-conjugated sheep ant-mouse IgG (green) The scale bar shown in (А) represents 20 шт, and is applicable for B~H 
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uptake was decreased by 40% (Figure 8). This result suggests 
that Ca?* was not required for iron uptake. 


DISCUSSION 


As a first step towards an understanding of whether Nramp2 is 
responsible for iron accumulation in the SNPc in a Parkinsonian 
monkey brain, we isolated cDNAs for the two isoforms 
of monkey Nramp2. The study of Nramp2a of other mammalian 
species has been reported, with a cursory mention about the 
Nramp2b protein [7,16,23]. In the present study we report a 
comparative analysis of the functional characteristics and 
localization of the two monkey iron-transporter isoforms. The 
monkey Nramp2 proteins show the highest amino acid identity, 
of approx. 9895 with their human counterparts. The extremely 
high identity at the DNA level enabled the cloning of the 
complete open reading frames of the two monkey Nramp2 
isoforms by RT-PCR. 

Similar to the mouse and human homologues, the monkey 
Nramp2 gene 1s a single gene. It is possible that, like its 
counterparts, the two monkey isoforms were generated by 
alternative splicing of Nramp2 transcripts. The physiological 
significance of these two isoforms ıs unknown. Our attempts to 
address this question showed that first, the two isoforms were 
present ubiquitously in all the monkey tissues examined, with a 
putative difference in the level of expression in the cerebral 
cortex, lung and spleen. 7n-situ-hybridization analysis might give 
a better semi-quantitative measurement of the relative amounts 
of the two 1soforms in a cell type. Secondly, the different C- 
termini do not seem to have any effect on the subcellular 
localization, -the level of protein expression or iron uptake in 
either COS-7 or HEK-293T cells. 

Previous studies showed that mouse, rat and human Nramp2 
proteins could be involved in transferrin-independent iron uptake 
[7,15]. Our results showed that both Nramp-2a and -2b could be 
expressed in human HEK-293T cells to induce robust uptake of 
‘Fe into the transfected cells via a transferrin-independent 
pathway. The levels of transport for both proteins were com- 
parable, which again points towards their functional similarities, 
in spite of the differences ш the carboxy tails. 

Previous studies have not shown whether Nramp2 was able to 
transport Fe** [7,15]. Here, we have demonstrated by using a 
specific ferrous chelator, BPS, that the iron uptake by monkey 
Nramp2 requires the reduction of Fe?* to Fe**, The dosage and 
time of BPS treatment were found not to be toxic to the cells 
(results not shown), and therefore the reduced iron uptake in the 
presence of BPS reflects not only the unavailability of Fe**, but 
also the inability of Nramp2 to transport Fe?*. The effect of BPS 
and the higher uptake rate of Fe** over Fe*+ both demonstrated 
the requirement for the reduction of Fe** to Fe** before transport 
mediated by Nramp2 occurred. 

In many types of cells, transferrin-independent iron uptake is 
Ca**-dependent [20]. Consistent with the results of Gunshin et al. 
[7], we have shown that, in the presence of Ca**, iron uptake was 
not induced, but instead, at 10 mM concentration, inhibition of 
transport was observed. The Ca**-independent iron transport by 
the monkey Nramp2p suggests that there might be other iron 
transporters in those cells that showed a Ca**-dependence in 
the transferrin-independent iron-transport processes Previous 
studies also showed that low-affinity, transferrin-independent 
iron transport in rat erythroid cells demonstrates little de- 
pendence on Nramp2 (DMT1) [29]. These studies, together with 
our observations, suggest that transferrin-independent iron trans- 
port in mammalian cells is mediated probably by multiple 
pathways via different transport proteins. 
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Taken together, our results have shown that Nramp2a and 
Nramp2b have very similar functional characteristics. The major 
difference in function of the Nramp2 isoforms could lie in their 
post-transcriptional regulation. Nramp2a contains the IRE se- 
quence and, in mouse and rat, animals fed on iron-deficient diets 
showed a marked increase in Nramp2a mRNA expression levels 
[30]. Our attempts to study post-transcriptional regulation by 
iron in COS-7 cells exposed to high external iron concentrations 
did not detect an obvious decrease in Nramp2a mRNA level by 
specific R'T-PCR. One possibility is that the amount of intra- 
cellular iron loaded via the transferrin-independent pathway 
was insufficient to generate a detectable difference in mRNA 
levels of the two isoforms. However, neither supplying cells with 
transferrin nor overexpressing the 3’UTR-truncated Nramp-2a 
and -2b clones in COS-7 cells produced any difference in the 
expression patterns of the Nramp-2a and -2b mRNAs (results 
not shown). Another possibility is that COS-7 cells might not 
contain the IRE-binding protein that 1s essential to stabilize the 
Nramp2a mRNA. To address further the question of the 
physiological role of the two isoforms, work 1s still in progress to 
identify the localization in situ of both isoforms to determine 
their extent and levels of expression 1n each cell type in the brain. 
The ratio of the expression of the Nramp-2a and -2b mRNAs 1n 
a cell might shed light on our understanding of the overall 
regulation of iron uptake, and the response to either iron 
deficiency or overload 1n an animal. Knowledge of the expression 
levels of the monkey Nramp2 isoforms will help to determine 
whether the iron deposition in the pathological area of the 
Parkinsonian monkey brain was due to an increased iron uptake 
through the Nramp2 iron transporter. Subsequently, the patho- 
physiological mechanisms that lead to Parkinson disease can be 
investigated. 
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A novel ELISA has been developed which detects oligomerization 
of f-amyloid (Af). Oligomerization, fibrillization and neuro- 
toxicity of native Af associated with Alzheimer’s disease (AD) 
type has been compared with E22Q Af (amyloid f-protein 
containing residues 1-40 with the native Glu at residue 22 
changed to Gln) implicated in Dutch cerebral haemorrhage 
disease. Solutions of Af rapidly yield soluble oligomers ın a 
concentration-dependent manner, which are detected by the 
ELISA, and by size-exclusion gel chromatography. Confor- 
mational changes from disordered to f-sheet occur more slowly 
than oligomerization, and fibrils are produced after prolonged 
incubation The E22Q A oligomerizes, changes conformation 
and fibrillizes more rapidly than the native form and produces 
shorter stubbier fibrils. Aged fibrillar preparations of E22Q Af 


INTRODUCTION 


Alzheimer’s disease (AD) is a progressive degenerative disease of 
the brain characterized by loss of cognitive function (dementia), 
selective neuronal death and the abnormal formation of neuritic 
and core plaques throughout the cerebral cortex, predominating 
in the hippocampus and temporal lobe cortex, and around the 
blood vessels of the meninges and cerebral cortex. Deposits in 
brain are associated with reactive microglia, astrogliosis and 
neuronal loss. The major component of AD amyloid deposits is 
а 39-43-residue amyloid £ (Af) peptide, which is produced as a 
cleavage product of a much larger transmembrane glycoprotein, 
encoded by the amyloid-precursor-protein (APP) gene on 
chromosome 21 [1]. 

A mutated form of Af ıs also deposited ın a rare form 
of amyloidosis known as hereditary cerebral haemorrhage with 
amyloidosis Dutch type (HCHWA-D), a disease that typically 
manifests itself with recurring strokes and dementia. In a 
pathological study, both HCHWA-D and AD showed compact 
cerebral amyloid angiopathy (CAA) with Af deposits in arterial/ 
arteriolar media and concomitant smooth-muscle cell loss, 
whereas only HCHWA-D CAA featured severe involvement 
of larger arteries and arterioles, with a single or double rings of 
radial deposited Af [2]. In contrast with AD, the neuropil 
of HCHWA-D patients showed diffuse rather than senile plaques, 
which were not associated with neuronal loss [3]. The toxicity of 
the HCHWA-D form of Af toward neurons has not previously 
been reported. HCHWA-D is an autosomal dominant condition 


are more potent than aged fibrils of native Af in inducing 
apoptotic changes and toxic responses in human neuroblastoma 
cell lines, whereas low-molecular-mass oligomers in briefly incu- 
bated solutions are much less potent. The differences in the rates 
of oligomerization of the two Af forms, their conformational 
behaviour over a range of pH values, and NMR data reported 
elsewhere, are consistent with a molecular model of oligo- 
merization in which strands of Af monomers initially overcome 
charge repulsion to form dimers in parallel £-sheet arrangement, 
stabilized by intramolecular hydrophobic interactions, with 
amino acids of adjacent chains ın register. 


Key words: apoptosis, ELISA, fibril, parallel f-sheet, toxicity. 


associated with a point mutation at codon 693 of the gene for 
BAPP, which leads to the substitution of glutamic acid at 
position 22 of Af with glutamine. The mutation does not alter 
the ratio of secreted Af to p3 (peptides comprising the C- 
terminal residues 17—40 or 17-42 of Af), nor the stability of the 
secreted Af and p3 peptides, but increases the biosynthesis of Af 
peptides with N-termini of Asp’, Val!^ and Phe?? [4]. Why this 
single mutation leads to the extreme severity of the vascular 
pathology, hallmark of HCHWA-D, as well as the. absence of 
senile plaques in the neuropil, is so far not clear. 

A central question in the etiology of AD and HCHWA-D is 
the mechanism(s) by which soluble Af monomers are converted 
into fibrillar deposits. This question is particularly relevant 
because Af fibres, unlike soluble monomers, are neurotoxic in 
vitro [5-7] and associated with damaged neuropil in vivo [8]. 
Using optical microscopy, ultracentnfugation and electro- 
phoresis, it was shown that only aggregated forms of Af peptides 
containing the hydrophobic region 25—35 were toxic to primary 
neurons [5]. Upon reversal of aggregation, neurotoxicity dis- 
appeared. 

There 1s disagreement over the precise structure of the neuro- 
toxic forms of Af. Protofibrils, distinguished from mature fibrils 
by their appearance under the electron microscope, were reported 
as toxic as mature fibrils [9]. Low-molecular-mass oligomers 
induced toxicity in long-term neuronal cultures, but were less 
toxic than fibrils [9]. Protofibrls and fibrils, but not low- 
molecular-mass oligomers, alter the electrical activity of neurons, 
and it has been suggested that preclinical and early progression 


Abbreviations used Af, amyloid f-protein containing residues 1—40, p3, peptides comprising the C-terminal residues 17—40 or 17—42 of Af, AD, 
Alzheimer's disease, APP, amyloid precursor protein, HCHWA-D, hereditary cerebral haemorrhage with amyloidosis Dutch type, CAA, cerebral amyloid 
angiopathy, Fmoc, fluoren-9-ylmethoxycarbonyl, NTA4, a peptide containing the ten N-terminal residues of f-amyloid, E22Q Ад, amyloid f-protein 
containing residues 1—40 with the native Glu at residue 22 changed to Сіп, MEM, minimal essential medium, MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide, QLS, quasi-light-scattering spectroscopy, ACTH, adrenocorticotrophic hormone 
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of AD is driven by accumulation of oligomeric intermediates 
prior to the assembly of fibrils [9]. In contrast, some authors 
suggest that soluble Af dimers, which purportedly survive SDS 
treatment [10], are highly toxic to neuronal cultures [11] Fluo- 
rescence measurements indicate that Af dimers may be stable at 
very low concentrations [12], and Western blotting has suggested 
that AZ dimers are formed in the brains of AD patients before 
fibrillary tangles [13]. 

In order to define the structural and oligomeric changes that 
take place in Af solutions in more detail, a novel ELISA assay 
that monitors the formation of oligomers from monomers has 
been developed. We have correlated the changes found in 
solutions of Af peptides by ELISA with changes observed by gel 
filtration and CD. Finally, the apopototic and toxic changes 
induced by Af peptides incubated for different times have been 
determined. As the Q22E mutation appears to produce quite a 
distinct phenotype, we have compared the properties of Q22E 
1-40 with native Af 


EXPERIMENTAL 
Preparation of aggregated ‘aged’ solutions of Af peptides 


A peptides were synthesized using fluoren-9-ylmethoxycarbonyl 
(Fmoc) chemistry on a Millgen 9050 synthesizer (PE Biosystems, 
Warrington, Cheshire, U.K.) by an optimized protocol [14], 
purified by acetonitrile gradients on HPLC on Vydac C, columns 
in 0.1% (v/v) trifluoroacetic acid, and freeze-dried. Af peptides 
were shown to be homogeneous by MS. Af peptides were 
dissolved first in sterilized distilled water, then a 10% volume of 
sterilized 1M Tris/HCl, pH 7.4, was added to give a final 
peptide concentration of 1.16 mM. These solutions were aged by 
incubating them at 37 °C. 


Preparation of the biotinylated antibody 


Biotinamidohexanoate N-hydroxysuccinimide (Sigma—Aldnich, 
Poole, Dorset) (20 ul of a 10 mg/ml solution in DMSO) was 
added to anti-NTA4, an affinity-purified antibody to the N- 
terminal ten residues of Af coupled to BSA [15] in 0.1 M sodium 
borate, pH 8 (0.5 ml at 1 mg/ml), and incubated at 24 °C for 4 h. 
Ammonium chloride (20 ul of 1 M) was added, and incubation 
continued for 10 min. The mixture was desalted on a Sephadex 
G-25 column in PBS to remove excess uncoupled biotin. The 
biotinylated antibody was stored at —20 ?C. 


An ELISA to measure oligomers 


An ELISA plate was coated with 5 ug/ml of non-biotinylated 
anti-NTA4 antibody (100 ul/well) in PBS/0.01 % (w/v) sodium 
azide at 4°C for 24h, washed twice with blocking buffer 
(PBS/1% BSA/0.05% Tween, pH 7.4), and incubated with 
blocking buffer for 1 h at room temperature. Peptides incubated 
in 0.1 M Tris were diluted to 18 nM in blocking buffer, and 10041 
added to each well. The plate was incubated at 37 °C for 2h. 

After washing four times with blocking buffer, biotinylated 
anti-NTA4 diluted 1 to 500 in blocking buffer (100 ul) was 
added, and incubated at 37°C for 1.5 h. Wells washed three 
times with blocking buffer were incubated with peroxidase-avidin 
(Sigma) (1:1000 in blocking buffer) (100 ul) at 37 ?C for 1.5 h, 
washed three times with PBS/1% (w/v) BSA/0.05% (v/v) 
Tween, pH 7.4, and once with PBS/0.05 % (v/v) Tween, before 
adding substrate for peroxidase (Europa Ltd., Wicken, Ely, 
Cambs., U.K.) (100 ul), developing for about 5 min before adding 
ІМ H,SO, (100 ul) and reading at 450 nm. 
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Size-exclusion chromatography 


Aliquots (20 ul) of freshly prepared or incubated solutions of Af 
peptides at 1.16 mM in 0.1 M Tris/HCl, pH 7.4, were loaded on 
a Superdex 75 gel-filtration column (10 cm x 270 mm) in 01 M 
Tris/HCl, pH 7.4, with a flow rate of 0.5 ml/min. Eluate was 
monitored at 215 nm 


CD 


Spectra were recorded with nitrogen-flushed JASCO J720 and 
J600 spectropolarimeters using 4s time constant, 10 nm/min 
scan speed and a spectral bandwidth of 2 nm. Both spectro- 
polarimeters were calibrated with ammonium D-camphor-10- 
sulphonate. Quartz cells of 0.02 cm and 1cm were used for 
measurements in the far-UV (185—250 nm) and near-UV (250- 
350 nm) regions respectively. CD spectra were reported as: 


Ae = €, —6& (Mem) 


where /\є 1s the difference between the molar absorbance of left 
circularly polarized light (є;) and the molar absorbance of 
right circularly polarized light (e,) and 1s based upon an average 
molecular mass per amino acid of 113. 


Electron microscopy 


Samples of precipitated peptides aged at 1.16 mM (10 ш) were 
fixed with glutaraldehyde, stained with uranyl acetate and 
examined on a Zeiss 900 transmission electron microscope [16]. 


Cell culture 


SH-SYSY cells (European Collection of Cell Cultures, Porton 
Down, Salisbury, Wilts., U.K.) were cultured in Dulbecco's 
minimal essential medium (MEM)/Nutrient Mix F-12 (1:1, v/v) 
(Gibco BRL) containing 10 i.u. of penicillin/ml and 100 ng/ml 
streptomycin, 15% (v/v) foetal-calf serum, 1% non-essential 
MEM amino acid supplement, and 2mM freshly prepared 
glutamine at 37 °C in a humidified incubator with CO,/room air 
(1:19). 


Cytotoxicity assay 


The cytotoxicity of Af peptides was assessed by measuring 
cellular redox activity. Cells were plated at a density of 7500 
cells/well in 96-well plates in 100 д1 of fresh medium. After 24 h 
the medium was replaced with 100 ul of OPTI-MEM (Gibco 
BRL) serum-free medium and aged or fresh AZ peptides diluted 
in OPTI-MEM added. The positive control contained 15 uM 
camptothecin (Sigma) Cells were incubated at 37 °C in 5% CO, 
for 48 h. Medium was replaced with RPMI-1640 without Phenol 
Red (Sigma) (100 ul), 25 ul of 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolum bromide (MTT) (Sigma) (5 mg/ml) added 
to each well and the plate incubated at 37 °C for 3 h [17]. The 
plate was centrifuged for 5 min at 137 g (Sorvall RT 6000D 
centrifuge) and the medium/MTT solution removed. Propan-1- 
ol (100 LI) was added and the plate shaken for 60 min and read 
at 570 nm. 


Apoptosis assay 


Apoptosis was detected by using an annexin V /propidium iodide 
(Vybrant® Apoptosis Assay Kit), and mitochondrial tracker 
(CMXRos/Sytox; Molecular Probes, Eugene, OR, U.S.A.). An 
eight-well chambered coverglass (Nalge Nunc International, 


Naperville, IL, U.S.A.) was seeded with 0.45 ml of SH-SYSY 
cells at 290 000 cells/ml and incubated for 20 h. Medium was 
replaced with OPTI-MEM with aged or fresh peptide solutions. 
Positive controls contained 15 ог 50 2М camptothecin, or 
100 aM H,O, Chambers were incubated for 9h at 37°C. 
Adhering cells were washed twice with ice-cold PBS and Annexin- 
Binding Buffer (Molecular Probes) (100 ul) added. Alexa 488 
annexin V (5 ul) and propidium iodide (1 ul, 100 ng/ml) (Mol- 
ecular Probes) were added and cells incubated in the dark for 
15 min. Alternatively, cells were incubated for 20 min at 37 °C 
with Mitochondrial tracker at 0.11 ug/ml and Sytox at 0.1 uM. 
Unbound reagents were washed out with ice-cold Annexin 
Binding Buffer or PBS, and cells were inspected by confocal 
microscopy on a Carl Zeiss laser scanning microscope, using a 
narrow pass 515—565 nm filter and 488 irradiation or a > 695 nm 
filter with 546 irradiation. 


RESULTS 
Ollgomer formation detected by ELISA 


An ELISA was developed to detect soluble oligomers of Af. 
Solutions of both AZ and E22Q Af incubated at 1.16 mM at pH 
7.4 in 0.1 M Tris/HCI for up to 3 h, and then immobilized on to 
a non-biotinylated form of the antibody anti-NTA4, showed a 
rapid increase in binding to the biotinylated antibody by 
the increase in absorbance in the ELISA assay (Figure 1). No 
increase in binding of biotinylated anti-NTA4 was found in 
control 1.16 mM pre-incubated solutions of the N-terminal ten- 
residue peptide of Af. The rate of increase was more rapid for 
E22Q A than for the native sequence. Preincubation of the 
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Figure 1 Oligomerization of Af peptides measured by ELISA 


Solutions of native Af (continuous lines) or E22Q AZ (vanously broken Ines) in 01 M 
Tris/HCl, pH 7 4, at 1 16 mM, 0.116 mM and 11.6 4M were incubated at 37 °C, diluted to 
18 nM, and incubated on an ELISA plate already coated with immobilized anti-NTA4 antibody. 
Additonal epitopes formed by oligomerzabon during the preincubation step were measured by 
subsequent binding to a blotnylated sample of ant-NTA4 The plots of negative controls 
containing the ten-residue pephde NTA4 incubated at 116 mM, 0116 mM and 11 6 uM, are 
also shown (bottom three curves) S.EM values for assays performed In tripiicate are shown 
for each point as bars above and/or below the mean The mid-range of the assay for 18 h- 
oligomerized native АД was 09 nM At 0.9 nM concentration, the within-assay variance was 
5,7%. A day-to-day vanance of 52% at 09 nM was found in seven assays calibrated with 
standard solutions of Af incubated in 01 М Tns/HCI, pH 7 4, at 116 mM for 18 h, diluted 
to 18 nM tn blocking buffer, drvided into aliquots and stored at — 20 °C 
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Figure 2  Size-exciuslon chromatography ої Af oligomers 


Elution profiles of samples of solutions of native or E220 A2 pre-incubated at 1 16 mM In 0 1 M 
Tns, pH 7 4, at 37 ?C for the times shown 


Table 1 Elution of proteins and peptides of known molecular mass from 
Superdex 76 


Molecular Elution 
Protein mass (kDa) time (min) 
BSA 68 227 
Porcine (ipotropin 99 293 
Bovine aprotinin 65 93 4 
Human ACTH 45 39 4 
Human neuropeptide Y 42 640 
MBP-TET peptide" 34 397 
Tram peptidet 21 400 
E220 AJ 43 346 
Native AB 43 34 6 


* A peptide containing the sequence YGGRASDYKSAHKGFKQYIKANSKFIGITE 
T A peptide of the sequence LDKINRRMHFSKTKHSC 





E22Q Af solutions for longer than 3h gave a decrease from 
maximum response, and precipitates formed, which were shown 
by electron microscopy to contain fibrils (see below). Е220 Af 
preincubated at 0.116mM produced soluble oligomers more 
slowly than at 1.16 mM, and reached a higher maximum value, 
possibly because fewer fibrils were formed at the lower con- 
centration. In contrast, the increase in binding of biotinylated 
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Figure 3 CD of Af peptide solutions 
Top two panels. time-induced changes in the conformation of A peptides CD spectra of native 


(top) or £220 (below) AZ pre4ncubated at 116 mM in 01 M Tns/HCI, pH 7 4, at 37 °C for 
either 30 min (continuous lines), 20 h (broken imes), 20 days (dotted lines) and 31 days (dotted 
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anti-NTA4 to soluble oligomers formed in preincubated solutions 
of native Af was less than with E22Q, and no precipitate was 
visible up to 24 h of incubation. Increases of binding to bio- 
tinylated anti-NTA4 of native Af preincubated at 0.116 mM 
and 11.6 uM were much less than with the same concentrations 
of E22Q Af. Over an 18h incubation, about three times the 
amount of soluble oligomers, as judged by increase in binding to 
biotinylated NTA4, were produced by the E22Q mutant incu- 
bated at 0.116 mM than at 11.6 «М, whereas binding to bio- 
tinylated NTA4 caused by native Af oligomers produced at 
11.6 uM concentration was about 4% of the binding produced 
at 1.16 mM. 


Size-exclusion chromatography 


Changes in the state of oligomerization of the Af peptides were 
also examined by size-exclusion chromatography on Superdex 75 
(Figure 2). Fresh solutions of the AZ peptides were eluted in one 
symmetrical peak at 34.6 min. Between 10 and 70 min of pre- 
incubation at 37 °Cin 0.1 M Tris/HCl, pH 7.4, produced changes 
in the elution profiles. The major peaks were eluted slightly 
earlier (33.2 min) and shoulders appeared before the main peak. 
After 60 min preincubation for E22Q A or 24h for native AZ, 
a second peak appeared at the flow-through volume (19 min). 
Attempts to calibrate the Superdex column with proteins and 
peptides of known molecular mass were not satisfactory (Table 
1) The elution times of the fresh Af peptides were between those 
of adrenocorticotrophic hormone (ACTH; 4.5 kDa; 39.4 min) 
and lipotropin (9.4 kDa; 29.3 min) and might indicate that non- 
incubated Af was behaving as a peptide of 6.5 kDa. However, 
both neuropeptide Y (4.2 kDa) and aprotinin (6.4 kDa) were not 
eluted as expected from their molecular mass (see Table 1). 


CD 


CD spectroscopy of solutions of the Af peptides preincubated at 
1.16 mM and then diluted 10-fold immediately before measure- 
ment are shown (Figure 3). Substantial differences were observed 
in the conformational behaviour of both peptides as a function 
of incubation time and pH. The rates of changes from mainly 
random coil to conformations of the £-sheet type were more than 
one order of magnitude different, with no further changes being 
observed after 20 days of incubation for native Af, or 20 h for 
E22Q Af. The changes taking place in the UV region between 
250 and 290nm during incubation were significantly more 
enhanced in E22Q Af than in native Af (Figure 3, top two 
panels). 

The titration from pH 7.0 to 2.0, and the reverse titration from 
pH 2.0 to 7.0, revealed interesting CD spectra that differentiate 
and discriminate between the two Af forms. Both peptides 
showed random-coil-to-f-sheet transitions on lowering the pH 
from 7.0 to 4.0, by 0.5 pH unit in a stepwise manner. However, 
below pH 4.0, native Af 1-40 revealed an almost reversible £- 
sheet-random-coil transition, whereas E22Q showed further 
random-coil-f-sheet transitions. At pH 1.8 this transition took 
24 h to stabilize (Figure 3, bottom two panels; plot marked ‘pH 


line), then diluted 10-fokd with water just prior to measurement Bottom two panels pH-induced 
changes in the conformatons of A peptides CD spectra of fresh native (top) and E220 (below) 
АВ solutions in 10 mM Tris/HCl as a function of pH The pH titration was carried out in a 
Stepwise mannar from pH 7 5 and pH 77 respectively by addition of aliquots of HCI The pH 
was measured just before recording the spectra, and each spectrum obtained [s shown marked 
with the pH value recorded Sample at pH 1 8 (Figure 3, bottommost panel) was Incubated for 
25 h at pH 18 before recording spectra 
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Figure 4  Energy-minimized molecular models of residues 15—22 of native and E220 Af 


Two strands of native or E220 Af are shown modelled on Swiss-Prot PDB viewer in a parallel /7-sheet arrangement, with the residues in register. Colour coding: broken lines, intermolecular 
hydrogen bonding: red, Glu*? : blue, Lys'^: yellow, Gin residues: brown, hydrophobic residues. Distances shown are measured between the carbonyl! carbon atoms of the Gin" residues and between 


the Lys'* residues 


1.8"). The rate of adoption of #-$һее! at pH 2.8 was more than 
the rate of change monitored at pH 7.4. 


Molecular modelling 


Energy-minimized molecular models of dimeric sequences of 


residues 15-22 in the native and E22Q sequences were produced 
on Swiss PDB viewer. The model (Figure 4) indicated that 
hydrophobic interactions between the side chains in this region 
could be maximized by a parallel arrangement in which the /- 


strands were held together by hydrogen bonding between the 
peptide bonds, with amino acid residues on each strand in 
register. 


Electron microscopy 

Prolonged incubation of several hours for E22Q and | week for 
native Af yielded precipitated material. Precipitates produced 
from 3-week incubations were harvested, and subjected to 
electron microscopy. The results showed that the fibrils pro- 
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Figure 5 Transmission electronmicrographs of native and E220 Af fibrils 


Solutions of native or E220 A/ 1.15 mM were aged for 3 weeks at 37 °C in 0.1 M Tris/HCl 
pH 7.4, and the precipitates fixed, stained, and examined on a Zeiss 900 transmission electron 
microscope. Magnification is = 100000 x 


duced from native Af were longer and thinner than those 
produced from E22Q Af (Figure 5). 


Cytotoxic effect of aged and fresh /jA4 peptides 


The results obtained by ELISA (Figure 1) and size-exclusion 
chromatography (Figure 2) showed that native and E22Q pep- 
tides incubated at 1.16 mM for | h produced soluble oligomers. 
Several hours of incubation produced fibrillar forms of E22 
А}. whereas several days of incubation were required to fibrillize 
native Af. We then sought to find out which forms of the 
peptides were toxic to neuronal cells by finding out what periods 
of incubation time were required to produce high toxicity. 
Human dopaminergic neuroblastoma SHSY-5Y cells were 
exposed to freshly prepared, 1-һ- or 3-week-incubated solutions 
of E22Q Af and native Aj’. Camptothecin was used as a positive 
control. After incubation for a further 2 days, cell viability was 


evaluated using the MTT assay and compared with that of 


negative control cells incubated without peptide. Fresh native 
Aj! was much less toxic than fresh E22Q А}, whereas both 
solutions that had been incubated for 3 weeks showed con- 
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siderable toxicity, even at concentrations below | „М (Figure 
бА). At the highest concentrations, fresh E22Q Ау was as toxic 
as aged E22Q AJ. In contrast, there were no significant differences 
between toxicities of fresh solutions and those incubated at 
1.16 mM for | h (Figure 6B); both incubates were equally toxic 
at high concentrations. 


Apoptosis induced by Af peptides 


In order to explore the differences between the two A// peptides 
further, SHSY-5Y cells were exposed to fibrils of native and 
E22Q Af for 10 h. Preparations of E22Q Af aged for 3 weeks 
completely ablated the mitochondrial membrane potential at 
11.6 «М and 2.3 «М (Figures 7E and 7G). Aged native Af was 
also completely effective at 11.6 «М (Figure 7A), but only partly 
effective at 2.3 «М (Figure 7C). In contrast, freshly made 
solutions had little effect on mitochondrial potential (compare 
treated cells in Figures 7B, 7D, 7F and 7H with control cells in 
Figure 71). Extensive staining of nuclei with Sytox was apparent 
only in cells treated with H,O, (Figure 7L) or 504M camptothecin 
(Figure 7J). No nuclear staining was seen in cells treated with 
15 ,M camptothecin. Most (90 ",,) of the cells treated with E22 
Aji stained with annexin V (Figure 7N), and about 20", also 
stained with propidium iodide. About 40°, of the cells exposed 
to native Af? stained with annexin V (Figure 7M), with about 
I0", staining with propidium iodide. Cells treated with campto- 
thecin (15 М) are shown in Figure 7(O) and control untreated 
cells in Figure 7(P). 


DISCUSSION 


It has been suggested that the toxic forms of A// are relatively 
soluble dimers that might do some of the damage by forming 
flickering deposits on the neural membranes, with larger deposits 
and neuritic plaques forming later in the disease [11]. A2 isolated 
from human brain varies in reported distributions of monomer. 
dimer, trimer, tetramer and higher-order oligomers [11]. Aj 
oligomers have been identified in conditioned media of certain 
cell lines that constitutively secrete A/? [10,18] and as components 
of cerebrospinal fluid [19]. As well as low-molecular-mass 
oligomers, protofibrils, sizeable (> 100000 kDa) oligomeric 
structures that lack the repeating structure of fibrils, have been 
identified as products of aged Af solutions [9.20.21 ]. 

In the present studies, E22Q or native А/ in freshly prepared 
solutions were eluted as symmetrical peaks with elution times of 
34.6 min from a column of Superdex 75 (Figure 2), a time that 
was not altered by preincubation of Af in the disaggregating 
solvents formic acid, DMSO or hexafluoroisopropanol [22], 
indicating that 34.6 min is the elution time of the monomer. 
Alter 1 h preincubation of the A// peptides, changes in the 
elution profiles were found, indicative of formation of higher- 
molecular-mass oligomers. Other authors have suggested that 
dimers exist in Af solutions under most aqueous conditions 
[11.12.21]. The characterization of dimers in previous studies 
rested on the behaviour of Af solutions on gel-filtration columns, 
on SDS/PAGE or in quasi-light-scattering spectroscopy (QLS), 
studies which required calibration with standard small proteins 
of known molecular mass [21,23]. However, small proteins of 
molecular mass similar to that of Af are not eluted in positions 
that accord to their molecular mass from Superdex 75 columns 
(Table 1). In particular, neuropepude Y (4.2 kda) and bovine 
aprotinin (molecular mass 6.5 kDa) are much more strongly 
retarded on the column than other peptides and proteins of lower 
molecular mass. It seems likely that elution behaviour is more 
strongly influenced by the composition and degree of folding of 
the peptides than their molecular size. Similar conclusion were 
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Figure 6 Cytotoxic effect of aged and fresh Af peptides 
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Shown 15 a comparison of the ability to reduce МТТ by SH-SY5Y celis incubated for 48 h with freshly prepared native A (--- Ф ---) or E220 АЙ (--- Д ---) (а and b) and aged (3 weeks) 
native АД (— Mi ——) and E220 Af (--- Ф ---) solutions (a) or 1 h preincubated solutions of native A (— [7] —) and E220 Af (— О — (B) (preincubated at 1 16 mM and diluted into 
the media surrounding the cells Data shown are expressed as percentage of control values (no peptides) Under the same conditions, camptothecin incubated with the cells led to a reduction 
in MTT staining of 93%, SEM values for assays performed in triplicate are shown for each point as bars above and/or below the mean. 


reached by others [24] who found that Af was not eluted as 
expected from a size-exclusion column calibrated with a wide 
range of globular proteins. These workers also found, by 
translational diffusion measurements using NMR, that Af 
behaves as monomers in solution. Moreover, its elution be- 
haviour did not allow one to differentiate whether Af exists as an 
extended monomer or a compact dimer [25]. 

Evidence for Af dimers in solution has come from studies of 
size-exclusion chromatography in salt. High salt has previously 
been found to precipitate Af, leaving a small percentage of 
a species that is eluted from a column of Bio-Gel P10 as a 
monomer, whereas, under most other aqueous conditions, Af 
has a reduced elution time, possibly behaving as a dimer [23]. 
Inclusion of NaF in the elution buffer caused Af to be eluted 
later from Bio-Gel P10. However, as NaF also significantly 
altered the behaviour of the standard proteins used [23], the 
changes observed in elution behaviour of Af were difficult to 
interpret. QLS measurements made on Af solutions were also 
suggestive of dimers, but QLS is known to be less useful in 
studying small molecules when they exist in equilibrium with 
polymers [21]. 

An ELISA was developed to probe the oligomeric nature of 
native and E22Q Af. The formation of additional epitopes to the 
N-terminal specific antibody anti-NTA4 in oligomers attached to 
the wells by one epitope via immobilized non-biotinylated anti- 
NTA4 were detected by an increase in binding to a biotinylated 
form of the same antibody (Figure 1). The increases in binding 
to biotinylated-anti-NTA4 in incubated solutions of the Af 
peptides indicate that soluble oligomeric species are generated 
from the initially monomeric species over the course of in- 
cubation. The possibility that the fresh solutions already contain 
dimers in which the epitopes are so close that they cannot 
simultaneously bind the non-biotinylated and biotinylated forms 
of the anti-NTA4 antibody cannot, however, be excluded. The 


maximum increases in absorbance from ELISA occurred under 
conditions of incubation similar to those that gave rise to a 
decrease in the elution time (of 1 6 min) to the major peak eluted 
from Superdex 75, and to the appearance of shoulders on this 
peak (Figure 2), supporting the contention that oligomers are 
formed from monomers during incubation. E22Q Af formed 
oligomers, detected by the increase in biotinylated anti-NTA4 
binding, more rapidly than native Af. Soluble protofibrils, which 
are eluted in the void volume from Superdex 75, in 18 h incubates 
of native Af and 60 min incubates of E22Q Af were also seen 
(Figure 2; [9D. As a control, solutions of the N-terminal ten- 
residue peptide, which does not contain the sequences known to 
be important for oligomerization [23], but contains the complete 
epitope for the antibody anti-NTA4 [15], did not show increased 
binding to the antibody upon incubation. Я 

The binding to biotinylated-anti-NTA4 of oligomers produced 
in solutions of E22Q Af incubated at 1.16 mM and 0.116 mM 
reached a maximum, and then declined at a low rate, which was 
commensurate with the appearance of insoluble fibrils. The most 
likely cause of the decline is a slow occ]usion of some of the 
binding sites to anti-NTA4 by precipitation of insoluble fibrils. 
In contrast, native Af did not show any decline in binding with 
incubations of up to 24 h, and did not yield fibril precipitates 
until after several days of aging. In keeping with these results 
observed on 1-40 full-length amyloid peptides, fragments 13-26 
and 1—28 of E22Q mutation in Af have been reported to fibrillize 
more rapidly that fragments of native Af [26,27]. An ELISA 
similar in principle has been described [28] for the detection of 
inhibitors of Af fibrillization.. However, the changes occurring 
with time during incubation of AZ peptides were not studied, and 
insufficient detail is given [28] to compare sensitivities of the 
assays. 

The formation of soluble oligomers measured by ELISA was 
found to be dependent on the concentrations of the incubated Af 
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Figure 7 Apoptotic effects of native and E220 Af peptides 
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monitored by binding with annexin V conjugated to Alexa 488 (green fluorescence) (M-P) in SHSY-5Y cells treated with aged (3 weeks) (A, C and M) or fresh (B and D) preparations of native 
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A-L) or propidium iodide 


peptides (Figure 1). In contrast, fluorescence resonance energy 
transfer observed from DMSO solutions of fluorescently labelled 
Af diluted into aqueous buffers did not change over concen- 
trations from 3 «М to 100 nM [11]. It is possible that oligomers 
formed from modified fluorescent peptides give rise to much 
more stable dimers than those of unmodified Af. Alternatively. 


M-P) detected any necrotic cells. Cells are outlined in grey as d 


the use of organic solvents [11] may have had marked effects 
on the behaviour of the Af adducts [22]. 

The conversion of random to /-sheet conformation of native 
and E22Q Aj peptides detected by CD were an order of 
magnitude lower than rates at which soluble low-molecular-mass 
oligomers, detected by ELISA and gel filtration, are formed 
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(Figure 3). In the association process, Af molecules may be 
driven together in a way that retains their irregular structure, and 
then undertake slower conformational transitions into f-sheets 
in ways which are very sensitive to the amino acid change E22Q. 
The molecular changes that take place during the initial stages of 
oligomerization are clearly important in determining the kinetics 
and equilibrium of the fibrillar product, although precipitation 
of fibrils may be dependent upon a nucleation process [29]. X- 
ray-diffraction measurements of fibrils formed by Af1-28 indi- 
cated that residues LVFF"7~** form a hydrophobic core in the 
fibrils [30]. The marked changes observed in the 250-288 nm 
region (Figure 3), associated with changes in the CD contri- 
butions of the side chains Phe!? and Phe?9^ concur with the 
interpretations of X-ray data. A change in the environment of 
the Phe residues upon oligomerization is consistent with the 
results of peptide scanning [31,32] which showed that 
KLVFF'*-3? 18 a sequence in Af essential for fibril formation 
which efficiently binds to the total Af sequence. 

Previous comparisons of the CD of 1—42 versions of these two 
peptides showed that, in 50% acetonitrile, the E22Q sequence 
has a higher percentage of f-sheet than the native 1—42 [33]. 
These findings are here extended to show that the E22Q mutation 
plays an important role in altering the rates of oligomerization 
and random-coil-to-f-sheet transition in AZ, and conformational 
changes occurring during pH change. Molecular modelling of 
Af 14-23 previously suggested that favourable hydrophobic 
interactions are stabilized by salt bridges between the two Af 
strands arranged anti-parallel [34]. Involvement of E22 in a 
stabilizing salt bridge would not account for the more rapid rate 
of oligomenzation and fibrillization found in E22Q Af. The 
distances between isotopically labelled carbonyl carbon atoms of 
Gln!" and Lys!* in adjacent strands, measured by solid-state 
NMR to be 5.1+0.2 and 4.9 +0.2 А respectively, suggest that 
Af strands are aligned ın a parallel -strand with residues in 
register [35]. Parallel, in-register f-sheet formation is consistent 
with the strong 5 A and weak 10 A angstrom X-ray-diffraction 
reflections seen in fibrils [30]. An energy-minimized molecular 
model showing the dimeric arrangement of residues 15—22 in 
native and E220 Af peptides (Figure 4) would satisfy these 
carbonyl carbon distances. Additional hydrogen bonding be- 
tween GlIn" residues, and lack of charge repulsion between Glu*? 
side chains, would explain why E22Q A oligomers form more 
rapidly than native Af. 

There is increasing evidence that apoptosis plays a role in 
neuronal cell death in neurodegenerative disease. For example, 
neurons 1n post-mortem specimens from Alzheimer's patients 
show DNA damage and increased c-Jun immunoreactivity in the 
enterorhinal cortex [36]. Fibril-containing suspensions of native 
and E22Q A produced by incubation at high concentrations for 
3 weeks were more active than freshly prepared solutions in 
reducing MTT uptake (Figure 6) or inducing apoptotic changes 
(Figure 7), by further incubation at low concentrations with 
SHSY-5Y cells for 72 h (Figure 6) or 10 h (Figure 7). In contrast, 
there were no differences in the MTT reduction induced between 
freshly prepared solutions and solutions of high concentrations 
of native or E22Q Af incubated for 1 h (Figure 6). Thus fibrils 
are far more apoptotic and toxic than the low-molecular-mass 
oligomers produced in a 1 h incubation (Figures 1 and 2) The 
toxicity of low-molecular-mass oligomers reported previously 
may have been due to conversion into fibrils over the. 5-day 
incubation period with the cells in culture [9]. 

Aged E22Q preparations are far more potent in inducing 
apoptotic changes and reducing MTT uptake than equal concen- 
trations of aged native Af preparations (Figures 6 and 7). 
Toxicity differences may be due to the characteristic morphology 


of the fibrils formed [37]; the E22Q fibrils are short and stubby 
in appearance, whereas those formed by native Af are long and 
spindly (Figure 5). The different morphologies of the fibrils of 
native and E22Q Af peptides have been noted previously [38], 
although X-ray diffraction measurements of native and E22Q 
Af fibrils indicate they are both of similar crossed f-sheet 
structure. An E22K mutation in two Italian famihes apparently 
produces clinical and pathological findings highly similar to 
those of the E22Q Dutch disease [39], consistent with the notion 
that the clinical manifestations of the Dutch mutation are due to 
the molecular consequences of the replacement of Glu**. In 
contrast with neuronal cell types, human cerebrovascular 
smooth-muscle cells are not killed by fully fibrillized forms of 
native Af 1-42 or E22Q Af [40], whereas E22Q Af 1-40 added 
in its soluble forms to these cells is highly toxic [41]. These 
differential effects towards different cell types may in part explain 
the differential pathology of HCHWA-D and AD. Modelling 
studies in vitro suggest that the propensity of E22Q to form fibrils 
could result m increased fibril binding to vascular-wall com- 
ponents, such as heparin, which would accelerate vascular 
amyloid deposition [4]. Furthermore, E22Q Af 1-40, but not 
wild-type AZ 1—40, has been found to cause cellular degeneration 
into fibrils assembled in situ on smooth-muscle-cell surfaces, [41]. 
Degeneration has been observed in cultured brain pericytes 
treated with the Dutch E220 Af [42]; in each case, fibril 
assembly was a prerequisite for toxicity. Elucidation of the 
molecular events which initiate oligomerization, a necessary 
intermediate step in the fibrillization process, are crucial to 
understanding the pathology and to developing potential thera- 
peutics, not only of AD, but also for strokes caused by 
amyloidogenesis 1n cerebral vascular cell walls. 
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Oxalate oxidases and differentiating surface structure in wheat: germins 
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Oxalate oxidases (OXOs) have been found to be concentrated in 
the surface tissues of wheat embryos and grains: germin is 
concentrated in root and leaf sheaths that surround germinated 
embryos; pseudogermin (ОХО-у) is concentrated in the epi- 
dermis and bracts that 'encircle' mature grains. Most strikingly, 
the epidermal accumulation of OXO- was found to presage the 
transition of a delicate ‘skin’, similar to the fragile epidermis of 
human skin, into the tough shell (the miller's ‘ beeswing") that is 
typical of mature wheat grains. A narrow range of oxalate 
concentration (1-2 mM) in the hydrated tissues of major crop 
cereals (barley, maize, oat, rice, rye and wheat) contrasted with 
wide variations 1n their OXO expression, e.g. cold-tolerant and 
cold-sensitive varieties of maize have similar oxalate contents but 
the former was found to contain approx. 20-fold more germin 
than did the latter. Well-known OXOs in sorghum, a minor 
cereal, and beet, a dicotyledon, were found to have little antigenic 
relatedness to the germins, but the beet enzyme did share some 


INTRODUCTION 


Oxalates have been studied in the basic and applied sciences for 
centuries [1]. In biology, oxalates have usually been regarded as 
inert end products of carbon assimilation that, in the forms of 
their insoluble calcium salts, ate well-tolerated ‘storage forms’ 
of calcium in plants, and serious contributors to chronic, 
sometimes acute, 'stone diseases' in humans [1]. Entrenched and 
traditional views of oxalate as a ‘static substance’ were challenged 
by the discovery that germin, long known as a marker of growth 
onset in germinating cereals [2,3] and long suspected of being an 
agent in host-plant resistance to disease [4], is an oxalate oxidase 
(OXO) [5,6]. A focused vision of plant oxalate as a dynamic 
resource, as a source of H,O,, which can, at different concen- 
trations, mediate developmental signalling, cross-linking and 
defence reactions in higher plants [3], has met with increasing 
favour [7]. | 

Germins are remarkable water-soluble oligomeric proteins. 
they are refractory to dissociation in SDS/PAGE gels [8] and to 
hydrolysis by known proteases under non-denaturing conditions 
[9]. Germins [10] and their coding elements [11] have so far been 
found only in what Hill dubbed the ‘true cereals’, the major crop 
cereals barley (Hordeum), maize (Zea), oat (Avena), rice (Oryza), 
rye (Secale) and wheat (Triticum) [12]. Wheat [5], barley [5,6], 
maize (the present paper), oat, rice and rye (В. С. Lane, 
unpublished work) germins are OXOs (EC 1.2.3.4) that generate 
H,O, from oxalate, confirming an early suspicion [4], partly 
based on an association with wheat cell walls [4,13], that germins 
might have a role in plant defence [3] as well as development [2]. 


of the unique stability properties that are peculiar to the germin- 
like OXOs that are found only in the major crop cereals. Their 
concentration in surface structures of domesticated wheat 
suggests a biochemical role for germin-like OXOs. programmed 
cell death in surface tissues might be a constitutive as well as an 
adaptive form of differentiation that helps to produce refractory: 
barriers against tissue invasion by predators. Incidental to the 
principal investigation, and using an OXO assay (oxalate- 
dependent release of CO,) that did not rely on detecting H,O,, 
which is often fully degraded in cell extracts, it was found that 
OXO activity 1n soluble extracts of wheat was manifested only in 
standard solution assays if the extract was pretreated in a variety 
of ways, which included preincubation with pepsin or highly 
substituted glucuronogalactoarabinoxylans  (cell-wall poly- 
saccharides). 


Key words: apoptosis, cereals, maturation, pathogenesis, seeds. 


A 1.6 À X-ray diffraction structure of barley germin is complete 
(J. Dunwell, personal communication) and is compatible with a 
proposed octahedral co-ordination of 6 mol of Mn per mol of 
catalytic hexamer [14]. 

As shown here, an OXO in a minor cereal, sorghum (Sorghum) 
[15], lacks the stability of germins, and an OXO 1n the garden 
beet (Beta vulgaris) [16], a dicotyledon, shares some of their 
stability but does not react with germin antibodies. Beginning 
with the most idiosyncratic sequence (PHIHPRATEI; single- 
letter amino acid codes) in wheat germin [11], called the ' germin 
box’ in PROSITE analyses (PHXHPRATED), it was shown that 
there is broad dispersal of coding elements for germin-like 
proteins (GLPs) [17—19] beyond the monocotyledons. GLPs are 
found in protists [11], bryophytes [20], gymnosperms [21] and 
dicotyledons [22-27]. Study of GLP proteins, as opposed to 
coding elements, has been rare, but a moss GLP has been shown 
to be a superoxide dismutase [20] and two Arabidopsis thalania 
GLPs have been shown to share the stability of germins [26]. 

Classical botanical studies had forecast roles for oxalate and 
‘wound oxalate’ in the germinative development of lupin ([28], 
cited in [1] and in the defence responses of Tradescantia 
fulminensis [29] respectively but the possible significance of these 
isolated observations faded with the passage of time. More 
recently, projected roles of germins and germin-like OXOs 
(gl-OXOs) ın phytopathology were proposed [3,4] and soon 
validated when three groups showed independently that infection 
with powdery mildew induces the synthesis of gl-OXOs in barley 
[30,31] and wheat [32]. The germinative emergence of germin in 
structures that envelop the embryo (3% of grain mass) [33] is 


Abbreviations used: dpa, days post-anthesis; gl-OXO, germin-like ОХО, те an ОХО oligomer that has the unique stability properties of germin 
(refractory to hydrolysis by all known proteases and resistant to dissociation in standard SDS/PAGE gels), GLP, germin-like protein, ie a protein 
encoded by a germin-like coding element, hsGGAX, highly substituted glucuronogalactoarabinoxylan(s); OXO, oxalate oxidase; OXO-y, 
pseudogermin, P16, insoluble (pellet) fraction after centnfugation of a homogenate at 16000 g, 516, soluble (supernatant) fraction after centrifugation 


of a homogenate at 16000 g, XG, xyloglucan 
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broadly extended in the present study to structures comprising 
most of the mass of the wheat flower (embryo, grain and bracts). 
During maturation, there is a striking concentration of ОХО-у 
in structures that tightly envelop (epidermis) and loosely 
surround (bracts) the wheat grain. Pseudogermin (ОХО-у) is a 
uniquely stable germin [13] and its emergence in the epidermis 
presages the transformation of a delicate ‘skin’ into a tough shell 
that fuses with the seedcoat to form the protective outer surface 
in a ripened wheat grain. Implications of the findings for the 
biochemical importance of gl-OXOs are discussed. 


EXPERIMENTAL 
Plant materials 


Hexaploid wheat grains of the Neepawa and Conway varieties 
were obtained from the Alberta Wheat Pool (Lethbridge, Alberta, 
Canada). Diploid wheat grains having the A (PI 119423 TR SD 
1277, Triticum monococcum), B (Clae 64 AE SD, Aegilops 
speltoides) or D (Clae 4 AE SD 2038, Aegilops tauschii) genomes 
were supplied by Dr Harold Bockelman (Small Grains and 
Potato Germplasm Research Unit, USDA/ATRS, Aberdeen, 
ID, U.S.A.). Immature grains were harvested from Vulcan and 
Cheyenne cultivars of wheat by Dr William J. Hurkman (Plant 
Research Center, USDA/ARS Albany, CA, U.S.A.). Two 
varieties of maize grain, one cold tolerant (C0255) and one cold 
sensitive (C0286), were kindly supplied by Dr Bob Hamilton and 
Dr Chris Andrews (Agriculture Canada, Plant Research Centre, 
Ottawa, Canada). Sorghum seeds (genotype CSH-5) were kindly 
provided by Dr C. S. Pundir (Department of Bio-Sciences, M. D. 
University, Rohtak, India) through the agency of Nath Seeds 
Pvt. Ltd (Aurangabad, India). Arabidopsis thalania seeds were 
kindly provided by Dr Francois Bernier (Institut Botanique, 
Université de Strasbourg, Strasbourg, France) Transgenic 
tobacco and canola (Brassica Napus) seeds of the T2 generation 
(progeny of the primary transformants) were obtained by trans- 
forming wild-type tobacco and canola (Brutor cultivar) with an 
approx. 740 bp HindllII,/Sphl, fragment of the gf-2.8 germin 
gene [11], which contains approx. 15 bp of the 5' untranslated 
region, the entire signal sequence, the entire structural-protein 
coding sequence and approx. 50 bp of the 3' untranslated region. 
This germin-coding element, inserted between a 35 S cauliflower 
promoter and a Nos terminator, was ligated into a pBINI9 
vector (with kanamycin selection) and the construct was trans- 
ferred to Agrobacter tumefaciens (LBA 4404) for transformations. 
Beet seeds (var. Early Wonder, Ruby Queen) were purchased 
from a local seed supplier. Seedlings were grown by culturing 
mature grains or seeds on water-soaked Whatman no. 3 filter 
paper for 1-15 days at room temperature in laboratory light 
(approx. 12 h/day). Embryos were prepared from mature wheat 
grains (Triticum aestivum, var. Neepawa or Conway) [34]. 
Purified specimens of highly substituted glucuronogalacto- 
arabinoxylan(s) (hsGGAX) and xyloglucan (XG) were gen- 
erously supplied by Professor Nicholas Carpita (Purdue Uni- 
versity, West Lafayette, IN, U.S.A.). 


Preparation and immunostalning of thick sections of water- 
cultured wheat embryos 


Pre-isolated embryos (200 mg) were cultured on a disc (8.5 cm) 
of Whatman no. 3 filter paper that was immersed in sterile water 
(5 ml) at room temperature in darkness for 40h For thick- 
sectioning, single embryos that seemed to be essentially intact 
(approx. 30% of the total number and approx. 50 % of the total 
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mass) were first fixed (1 h) in a solution made by mixing 7 ml of 
95 % (v/v) ethanol with 2.5 ml of acetic acid, and then dehydrated 
successively ш 70% (v/v) ethanol (four times, 15 min), graded 
concentrations (70 %, 85%, 95 % and 10095, v/v) of aqueous 2- 
methylpropan-2-ol (once, for 30 min each), and finally in 100% 
2-methylpropan-2-ol (twice, 1h), before being embedded in 
paraffin blocks at 60 ?C. Sections (8 mm) were transferred to 
slides that had been cleaned for 10 min in ethanol and coated for 
10 min in poly-(1-lysine) in a Coplin jar. The slides, with sections, 
were kept at 60 °C for 1 h before they were incubated in Histo- 
Clear (twice, 10 min), graded concentrations (100 95, 9095, 70% 
and 5095, v/v) of aqueous ethanol, water, Tris-buffered saline 
(TBS) (once, for 3 min each), and finally for 1 h in 200 ul of 
"blocking solution’ [10% (v/v) goat serum in TBS]. ‘ Blocked’ 
sections were incubated for 45 min with 150 4l of germin 
antiserum (1:100 dilution in TBS), with or without prior pre- 
adsorption to remove glycan-directed antibodies [13], washed 
with TBS (three times, 5 min), and incubated for 45 min with 
alkaline-phosphatase-conjugated goat anti-rabbit IgG [П zl 
in 1 ml of 195 (w/v) BSA in TBS], before again being washed in 
TBS (twice, 5 min). For staining, sections were incubated for 
30min in 200 4l of substrate solution [100 mM Tns/HCl 
(pH 9 5)/100 mM NaCl/50 mM MgCl, containing levamisole, 
1.65 mg of Nitro Blue Tetrazolium m 22 ml of 70% (v/v) 
dimethylformamide and 0.82 mg of 5-bromo-4-chloroindol-3-yl 
phosphate in 16.5 ml of dimethylformamide], and after being 
washed in TBS (three times, 5 min) and water (once, 3 min), and 
being dehydrated in graded concentrations of ethanol (50%, 
70%, 9095 and ТОЮ 95, v/v) (once, for 3 min each), were overlaid 
with Crystalmount and incubated for 20 min at 80 ?C before 
light microscopy. 


Quantitative solution assay and qualitative blot assay of OXO 
activity 


A published method [35] was used to measure the release of 
МСО, from ['*C]oxalate. Reaction mixtures containing 2 mM 
oxalic acid were buffered with 0.1 M sodium succinate, pH 3.5, 
for maximal activity. Buffers used to assess the pH dependence 
of OXO activity were: 0.1 M sodium acetate, pH 4.5, 0.1 M 
sodium phosphate, pH 6.7, 0.1 M Tris formate, pH 7.7, and 
0.1 M ammonium formate, pH 9.2. The specific radioactivity of 
the ['*Cloxalate that was used in the *CO, release assays was 
approx. 10° c.p.m./umol. Soluble and pellet fractions of homo- 
genates were prepared by homogenizing embryos, seedlings or 
individual organs іп 100 mM potassium acetate/3 mM mag- 
nesium acetate/20 mM Hepes (pH 7.5)/1 mM dithiothreitol (1.5, 
3 or 20 ul of buffer/mg of fresh mass) in a Duall homogenizer 
and then centrifuging homogenates at 16000 g for 10 min (all at 
0—4 °C). This buffer conserves cell-free protein-synthesizing ac- 
tivity in the 16000 g supernatant fraction (S16) of homogenates 
of mature wheat embryos [36]. Pellets (P16) were suspended in 
the same buffer by vortex-mixing in an Eppendorf tube in the 
presence of a straight-pin to obtain smooth suspensions, volumes 
of the P16 extracts being adjusted to equal those of the 
corresponding S16 extracts. The quantities (20 ul) of S16 or P16 
extract used in “*CO, release assays (total volume 0.5 ml), and 
for application to SDS/PAGE gels for blot assay [5], were 
derived from 1 mg (20 ul of buffer/mg), 6.4 mg (3 ul of buffer/ 
mg) or 8.5 mg (1.5 ul of buffer/mg) fresh mass. Reactions were 
terminated by the addition of trichloroacetic acid after 20 min at 
37°C. After trichloroacetic acid-induced release of CO,, 
released “CO, was collected in a bucket of 40% (w/v) KOH 
(100 ul) in a reaction vessel supplied by Kontes (cat. по. 882360- 
0010). The residual reaction mixture, containing H,O,, was 
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neutralized (to approx. pH 4) with KOH and analysed for H,O, 
as described in [37]. Measurements of radioactivity were made in 
10 mi of CytoScint with an LKB Rackbeta liquid-scintillation 
counter. After separation of proteins by SDS/PAGE and 
transfer to nitrocellulose, germin and its isoforms were detected 
by reaction with a polyclonal anti-germin rabbit serum [13] or by 
staining for OXO activity [5]. 


Quantitative assay of oxalate 


Fresh or frozen biological material (50-200 mg) was homo- 
genized (1 min) in a round-bottomed 2051 Falcon tube with a 
Polytron blender (Brinkmann Instruments), at a speed setting of 
7 (Kinematica rheostat) with 1 ml of 3 M HCI that had been 
supplemented with 10 4l] (0.01 4M, approx. 10° c.p.m.) of 
['*C]oxalic acid. Tracer oxalic acid was included to assess the 
percentage recovery of oxalic acid from tissue on the assumption 
that ali tissue oxalate was equilibrated with the tracer in 3 M 
HCl; the tracer solution was prepared by dissolving 5.2 mg 
(250 mCi) of ['*C]oxalic acid from Sigma (cat. no. 31,391-2) in 
100 ul of sterile water (solubility 9.5 g/100 ml at 15 °С). When 
wheat embryos had been homogenized for 1 min and the 
homogenate had been left at room temperature for 30 min before 
again being blended for 1 min, the measured amount of oxalate 
in the embryos was the same as that found after a single 1 min 
homogenization, confirming that the tracer was well equilibrated 
with tissue oxalate. The pH of the homogenate was adjusted to 
pH 7.0 with 10 M NaOH (approx. 220 ul) and the neutralized 
homogenate was transferred to a Microfuge tube for centri- 
fugation (10 min, 14000 g, room temperature). The resulting 
supernatant (approx. 1.5 ml) was transferred to a larger tube for 
mixing with an equal volume of satd CaSO, and ethanol 
(10 ml/1.5 ml satd CaSO,) and allowed to precipitate at room 
temperature for 24—48 h. The precipitate was suspended in 2 ml 
of the 1:1 diluent in the oxalate analysis kit supplied by Sigma 
(cat. no. 591-4) and the suspension was clarified by transfer to an 
Eppendorf tube for centrifugation in an Eppendorf 5415 cen- 
trifuge (14000 rev./min, 10 min, room temperature). А 50 yl 
aliquot of the clear supernatant solution was used to assess the 
recovery of [*C]oxalic acid (25—40 95); separate aliquots (approx. 
100—200 Ш), containing the amounts of oxalate recovered from 5 
and 10 mg of fresh mass, were assayed for oxalate. Potassium 
oxalate standards (0.18, 0.45 and 0.90 ug) and experimental 
samples, in a total volume of 200 ul of Sigma diluent, were mixed 
with 1 ml of reagent A and 100 ul of reagent B and incubated at 
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37 °C for 20-30 min before measurement of As Reagent B, 
containing soluble barley germin and horseradish peroxidase, 
was obtained from Sigma (cat. no. 591-2); reagent À was prepared 
by dissolving 23.7 mg of 3-dimethylaminobenzoic acid (Sigma 
cat. no. D0787) and 2.13 mg of 3-methyl-2-benzothiazolinone 
hydrazone (Sigma cat. no. M 8006) in 45 ml of 0.1 M sodium 
succinate, pH 3.2. For a ‘low-oxalate’ plant (e.g. wheat), Asso 
was approx. 0.1 above background for the amount of oxalate 
(approx. 0.4 ug) recovered from 10 mg of fresh mass. Measure- 
ments were corrected for tracer recovery (25—40 %) and for the 
contribution of the tracer itself (approx. 595) to the total oxalate 
measured 1n the analysis. 

Because it has been reported [38] that oxalate 15 generated 
when ascorbate is incubated in phosphate buffer at slightly 
alkaline pH (7.4) for several hours, it is significant that we 
observed no effect on measured oxalate if extraction with 
tributylphosphate [39] was used to partition the extracted oxalate 
at alkaline pH. Measurements were also not significantly changed 
if, during the neutralization of acid extracts of oxalate, the pH 
was adjusted to approx. 13 and the alkaline extract was incubated 
at room temperature for 2-3 h before being adjusted to pH 7. 
Linear increases were observed for aliquots containing the oxalate 
recovered from 5 and 10 mg of fresh mass; there was additivity 
when such aliquots of experimental samples were mixed with 
pure potassium oxalate, i.e. there was no interference with, or 
suppression of, OXO activity in the assay when aliquots cor- 
responding to 10 mg of fresh mass (or less) were used for 
analysis. Acid extracts of tissues were stored at —20 °C for up to 
3 weeks without affecting the measurements of oxalate. 


RESULTS 


Increased amounts of germin in pellet fractions of homogenates 
depend on germinative development of water-eultured mature 
wheat embryos 


For ease of comparison of OXO activities with the oxalate 
contents of tissues, both are expressed as mass quantities, as in 
the oxalate literature [40]. As shown in Table 1, the cell walls of 
germinated embryos had strong OXO activity. The physical 
properties of the cell-wall form of germin from wheat embryos 
were very similar to those of a commercially available preparation 
of barley OXO (preparation no. 1 in Table 1): both activities 
were totally insoluble in water or aqueous buffers and were fully 
sedimented at low speeds. In contrast, it was found that the kind 


Table 1 Comparison of the ОХО activities In equal masses of wheat embryo call watis and three commercially avaHable preparations of bariey 0X0 


Purhed cell walls were prepared after preisolated embryos from mature wheal grains had been germinated by cultunng them In water for 48 h [13] Preparation по 1 was purchased as ‘oxalate 
oxidase ' from Sigma (cat no. O 4127) and, as with the activity in purified wheat-embryo cell walls, this activity was totally insoluble іп water or aqueous buffers Preparation no 2 was purchased 
as ‘oxalate oxidase’ from Boehnnger Mannheim (cat no 567 698) and the activity was totally water-soluble Preparation no 3 was purchased from Sigma (reagent B in their oxalate analysis 
kit, cat no, 591-2) and the activity was totally water-soluble Most of the mass in preparations no 2 and no. 3 was due to the commercial suppliers" additions of 'stabulzers' (probably borate) 
to the proteins When analysed In SDS/PAGE gels, preparation no. 2 was free of protein impurities but preparation no 3 had precisely the same contaminants previously found in earlier lots of 
preparation по 2 [5] Protein was estimated by comparing the degres of Coomassie staining of germin oligomers and monomers with the staining of a known amount (0 5 jag) of BSA in SDS/PAGE 
gals Allowance was made for the (approx 50%) greater staining intensity of BSA relative to known amounts (by ammo acid analysis) of germin, on а mass basis Protein was extracted from 
the cell-wal! preparation [13] and the amount of extractable germin monomer was measured In SDS/PAGE as described (Figure 6 іп [13]) These results suggest implicitly that the germin in cell 
walls has much greater specific activity (per mol of garmin) than the more highly punfied soluble germin preparations (see the discussion of GGAX ‘actrvation’ in Tabla 7) 


Specimen Dry mass (u9) 
Wheat embryo walls (water-insoluble) 150 
ОХО preparation no 1 (water-insoluble) 150 
ОХО preparation no 2 (water-soluble) 150 
ОХО preparation no. 3 (water-solubie) 150 


ОХО activity (ип of oxalate 
Germin content (149) degraded in 10 min) 
01 78 
05 362 
17 37 
33 92 
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Table 2 Temporal emergence of OXO activity in water-cultured mature 
embryos prepared In bulk from two varieties of hexaplotd wheat 


After being purged of "CO, liquid phases from reaction flasks contarung insoluble P16 
extract were shown to contain an amount of Н,О, that was equimolar to the amount of degraded 
[^C]oxalate, eg for the Neepawa insoluble (P16) extract at 15 h the amount of H,0,, as 
measured by a solution assay [35], was equal to the molar amount (3 4/90 = 0 038 umol) 
of ['4Cloxalate that was degraded (see the Experimental section). The molar equivalence 
between H,O, release and ['*C}oxalate degradation was established for all reaction mixtures 
whenever the amount of HO, was sufficient for rellable measurement in the colorimetric assay 
For flasks contaming soluble (S16) extracts, the amount of Н.О, was too small for reliable 
estimation but quas+quantitatve results were compatible with expectations Reaction mixtures 
(0 5 mi) contained 15 mM oxalate/oxalic acid (approx 10° с.р.т.) in 0.1 M sodium succinate, 
pH 35, and were supplemented with 25 д! of soluble (S16) or insoluble (P16) extract from 
85 mg (fresh mass) of embryos (ses the Experimental section for further details) 


ОХО activity (иф of oxalate degraded in 10 min) 


Neepawa embryos Conway embryos 
Time (h) Soluble (S16) Insoluble (P16) Soluble (S16) ^ Insoluble (P16) 
0 001 17 0 00 19 
15 0 03 34 0 05 34 
25 0 34 117 018 71 
35 0 20 135 016 168 
45 0.32 120 0 27 13.9 


of commercially available preparations included as part of 
*reagent B' in oxalate analysis kits (preparations no. 2 and no. 3 
in Table 1) were freely soluble in water and they had specific 
activities (per ug of protein) that approached the OXO activity 
reported for soluble wheat germin [5]. 

Compatible with a prominent association of germin with 
wheat cell walls [13], germin activity became increasingly concen- 
trated in the P16 fractions of homogenates made from embryos 
that were pre-isolated from field-ripened grains and cultured in 
water [41] (Table 2). Strong OXO activity in the soluble (S16) 
fractions of wheat homogenates was largely repressed and was 
undetected when OXO activity was measured by “СО, release 
from ['*C]oxalate (Table 2) (see below). The striking increase in 
OXO activity in embryo homogenates during the temporal 
development of water-cultured, pre-isolated wheat embryos 
(Table 2) paralleled previously demonstrated 1ncreases in levels 
of germin, its translatable mRNA [10] and its gene expression 
[42] under the same conditions. The burgeoning amounts of 
germin made during germinative development were confirmed 


(results not shown) in Western (antibody) and activity blots after 
SDS/PAGE separation of proteins 1n the different extracts [5]. 


Localization of germin In different parts of wheat and malze 
seedlings 


As previously defined [10], the ‘stem’ is that part of the plant that 
remains after excision of the roots and shoots from embryos or 
seedlings, there being little stem growth when grains are cultured 
on water-soaked filter-paper. Immunocytology (see below) 
showed that ‘stem’ germin was mostly localized to enveloping 
tissues (coleorhiza or coleoptile) [33], not the axis proper. OXO 
activities in fractionated homogenates of roots, ‘stems’, coleop- 
tiles and leaves from hexaploid and diploid seedlings are com- 
pared in Table 3. Notably, when grown on filter paper, hexaploid 
roots had more OXO activity than diploid roots. Hexaploid, A- 
diploid and D-diploid seedlings (and parts) generally had much 
greater germin activity than the B diploid. It is of incidental 
interest that unfractionated homgenates of the A and D diploids, 
and of the B diploids, had approx. 30% and approx. 5% 
respectively of the OXO activity measured 1n a homogenate of 
hexaploid (cv. Conway) wheat. Similar large differences existed 
between the germin activities found in cold-sensitive and cold- 
tolerant maize cultivars (Table 4). The germin character [5] of the 
OXO activities listed in Tables 3 and 4 was confirmed in 
companion (Western and activity) nitrocellulose blots of SDS/ 
PAGE separations (results not shown). 


Oxalate and OXO levels during the early growth of selected 
plants 


There have been no previously reported systematic comparisons 
of OXO-to-oxalate ratios in higher plants, all of which contain 
oxalate. To explore factors that might mitigate and/or enhance 
OXO activity in plants, it was of interest to know whether OXO 
activity and oxalate levels in wheat seedlings were related to 
those in (1) another cereal (sorghum) that contained an OXO 
that was not a gl-OXO, i.e. did not have germin-like stability 
[8,9], (2) a dicotyledon (A. thalania) that contained GLPs, i.e. 
non-OXO proteins encoded by germin-like coding elements, and 
(3) a dicotyledon (beet) that contained an OXO but was, unlike 
wheat, a ‘high-oxalate’ plant [40]. 

As shown in Table 5, the oxalate content (approx. 0.1 ug per 
mg of hydrated mass) of wheat kept pace with the approx. 100- 
fold increase in (hydrated) fresh mass that accompanied ger- 
minative development of a mature embryo, in situ (in the grain), 
into a 6-day seedling. Although there were only modest differ- 


Table 3 Comparison of ОХО activities In Intact seediings and individual organs from hexaploid and diploid wheat varieties 


Mean fresh masses of seedlings at excision, after grains had been cultured in water for 9 days, were 110 mg for hexaplold (Conway), 107 mg for A diploid, 25 mg for B diploid and 24 mg for 
D diploid (see the Experimental section for additional details) Values of 014,010 and 014 до of oxalata/mg of fresh mass were measured for single A, B and D diploids, values similar to those 
found for hexaplords (see Table 5). Limited availability of materials dictated the preparation of more dilute homogenates (20 «| of S16 buffer/mg of fresh mass) than were made іп the experiments 
shown In Table 2 (3 ul of S16 butfer/mg of fresh mass) Reaction mixtures (05 mI) contained 20 44 of soluble or Insoluble fraction from approx 1 mg of fresh mass. 


ОХО activity (ug of oxalate degraded in 10 тіп) 


Root 
Mass distribution (%) between root, — 
Wheat variety ‘stam', coleoptile and leaf Si6 P16 
Hexaplord 30, 10, 26, 34 0.23 20 
A diploid 33, 3, 18, 46 001 005 
B diploid 16, 4, 18, 58 0 01 0 09 
D diploid 12, 6, 48, 34 0.01 033 
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‘Stem’ Coleoptile Leaf 

S16 P16 S16 P16 S16 P16 

053 149 011 40 001 025 

0.42 16.0 0 02 091 0.01 0.004 
005 0 88 0 004 011 0.01 0.01 

0.71 154 0.11 040 001 0.01 
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Table 4 Comparison of OXO activities in the organs of cold-tolerant and coki-sensitive cultivars of maize 


Disinbutions of mass between the organs of single coki-sensitive C0286 (380 mg) and cold-tolerant C0255 (431 mg) seedlings were significantly different, owing largely to limited leaf development 
In the C0286 seedling when grains had been cultured In water for 11 days; significantly, however, simular differences In ОХО achvity were obtained with pot-grown (vermiculite) cultivars, In which 
case leaf growth was equally luxurtant for cv. C0255 and cv. C0286. These results, with freshly harvested grain, are similar to the observations made with seedlings grown from 5-year-old grains 
Assays were performed at 20 °C but similar large (10—20-fold) differences were observed between the two cultivars when extracts were assayed at 37 °C. Assays were otherwise performed as 
In the legend to Table 2, except that these reaction mixtures (05 ml) contalned 20 gl (rather than 25 д1) of the soluble (S16) or insoluble (P16) fractions of homogenates prepared from 6.4 mg 
(not 8.5 mg) of fresh mass. Germin-lIke properties (ollgomer stability during SDS/PAGE and nitrocellulose transfer) for these OXO activities were demonstrated. SDS/PAGE mobilitres of the maze 
детип activities were similar to that of OXO-yr but their thermal stabilities were similar to that of germin. 


ОХО activity (ир of oxalate degraded in 10 min) 


Root 'Stem' Coleoptile Leaf 
Mass distribution (%) between root, ——— ————— ————— ——— 
Malze cultivar ‘stam’, coleoptile and leaf 516 P16 S16 P16 516 P16 S16 P16 
Cold-sensitrve 27, 28, 28, 17 0.01 0 03 0.02 0.46 0.02 0.27 0.01 0 02 
Cold-tolerant 12, 23, 27, 38 0.01 11 18 83 0.20 28 001 0 01 


Table 6 Oxalate contents and ОХО activities of equa! fresh masses of Intact seedlings and Individual organs from selected higher plants 


The oxalate measurement grven In parentheses for the ungerminated wheat embryo allows for a degree of hydration equivalent to a germinated embryo (85%), to illustrate that there was little or 
no net change In oxalate content (4g/mg of hydrated mass) in the embryo when а mature embryo was germinated. As with wheat homogenates, most of the ОХО activity In homogenates of sorghum 
and beet, as measured by ‘CO, release from ['^C]oxalate, was confined to the Insoluble (P16) fractions when homogenates were made in the 'S16 butfer' that was used to prepare all extracts 
made In this study (see the Experrmental section). Reaction mixtures (0.5 ml) contained 1 5 mM axalate/oxalle acid (approx 10? c.p m ) In 0.1 M sodium succinate, pH 3 5, and 20 д] of Insoluble 
(P16) extract from 6.4 mg (fresh mass) of plant matertal (see the Experimental section for further details) 


Specimen Sample Fresh mass (mg) Oxalate (4g/md) ОХО (ug/10 min per mg) Rato ОХО to oxalate 
Pre-Isolated wheat embryo Ungermlnated 0.35 0.67 (0.10) 0.17 2 
Germinated (water) 1.9 0.10 1Л 11 
Germinated (5% sucrose) 29 0.059 0.51 8 
Wheat seedling (3 days) Overall 51 0.10 1.8 18 
Root 25 0.080 0.34 4 
'Stem' 6.4 0 085 46 54 
Coleoptile 19 012 0.65 5 
Wheat seedling (6 days) Overall 90 010 14 14 
Root 43 0071 057 8 
'Stem' 6.2 0073 62 85 
Coleoptile 22 011 0.65 6 
Leaf 19 0.11 0.01 0.09 
Sorghum seedling (12 days) Overall 45 016 0.035 0 22 
Root 10 — 0.10 -— 
'Stem' 63 — 0 072 — 
Coleoptile 11 E 0 002 n 
Leaf 18 — 0 003 — 
Best seedling (17 days) Overall 64 12 0 20 02 
Root 9.8 20 0 025 0.01 
Stom 38 0 98 0.34 04 
Leaf 20 14 0 003 0 002 





ences between their oxalate contents, there were gross 
differences between OXO activities of different parts of the 
seedling; e.g. the OXO-to-oxalate ratio, as depicted in Table 5, 
varies more than 500-fold between leaf and 'stem' in a 6-day 
wheat seedling: ‘stem’ germin was concentrated in enveloping 
tissues (coleorhiza or coleoptile) in embryos or seedlings. 
Sorghum analyses (Table 5) showed that the oxalate content 
(approx. 0.16 ug/mg) was similar but the OXO activity was 
approx. one-tenth of that found ın hexaploid wheat. The sorghum 
OXO activity was not detected (results not shown) if soluble or 
insoluble extracts were subjected to SDS/PAGE and blotting on 
nitrocellulose, either at the pH optimum of the sorghum enzyme 
[15] or at the pH optimum (3.5) of the wheat enzyme, which was 
used for the assays reported in Table 5. Accordingly, although 


sorghum OXO is oligomeric [15], the protein and its OXO 
activity are not germin-like in character: they do not, as do the 
germin oligomer [8] and its OXO activity [5] in soluble extracts 
of wheat, survive SDS/PAGE and nitrocellulose blotting. 
Interestingly, however, a band with the expected mobility of 
sorghum OXO (molecular mass approx. 60 kDa) [15] was weakly 
antigenic to wheat germin apoprotein antiserum after SDS/ 
PAGE and Western blotting (results not shown). 

Analyses of beet (Table 5) showed that the oxalate content of 
this dicotyledon (approx. 1.2 ug/mg) was approx. 10-fold greater 
but the OXO/oxalate ratio was approx. 100-fold smaller than in 
hexaploid wheat. The beet OXO activity [16] had the same pH 
optimum as the wheat enzyme (results not shown); when beet 
extracts were subjected to SDS/PAGE and blotting on nitro- 
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Figure 1 Best and wheat ОХО activities are detected after Моод an 
SDS/PAGE gel 


This is an ‘actrity’ blot [5] Protezs (approx 65 seg) in the soluble (S16) and insoluble (P16) 
fractions of wheat embryo [4] and beet homogenates were derived from 6 4 mg of fresh mass 
(approx two embryos) and were separated by SDS/PAGE, they were then electroblotted on 
nitrocellulose and assayed for gi-OXO activity [5] The base of each numeral marks the top of 
the well of the parent SDS/PAGE 08! Lanes 1, 2, 3 and 4 contained proteins derrved from beet 
$16, beet P16, hexaploid wheat 516 and hexaploid wheat P16 fractions respectively The gi- 
ОХО activity bands in lanes 3 and 4 correspond to the G (the stronger, slower band; molecular 
mass approx 125 kDa) and G’ glycoforms of germin [67] The beet OXOs have not yet been 
similarly characterized but they were concentrated in the pellet fraction of tha beet homogenate 
(lane 2); unlike the wheat OXOs in the pellet fracbon, which were trapped in the position of the 
wall of the parent SDS/PAGE gel, the beet OXOs entered freely into the SDS/PAGE gel 


cellulose (Figure 1), the beet OXO activity was detected by 
SDS/PAGE after nitrocellulose blotting but antigenicity toward 
wheat germin antiserum could not be detected in Western blots 
(results not shown). Although not explored by electrophoretic 
analysis, the beet OXO shared at least some of the protease 
resistance properties of germin in the oxalate-dependent “CO, 
release assay. 


Other selected dicotyledon seedlings that we have studied (A. 
thalania, canola, lettuce, radish and tobacco) are ‘low-oxalate’ 
plants (0.1-0.2 ug/mg). Unlike the (low-oxalate) cereals (wheat, 
maize and sorghum) we have studied, extracts of these di- 
cotyledon seedlings did not have either OXO activity by “СО, 
release assay, or gl-OXO activity by H,O, release assay after 
SDS/PAGE and nitrocellulose blotting (results not shown). 


Methodological study of the cryptic germin activity present іп 
soluble wheat extracts 


The large disparity between the OXO activities of soluble and 
insoluble fractions of wheat homogenates, found with the 
oxalate-dependent “CO, release assay (Tables 2-4), was very 
surprising. Not only had similar amounts of the germin monomer 
been detected in soluble extracts [10] and (insoluble) cell-wall 
fractions of wheat embryos [13] before the OXO activity of 
germin was known [5], but, afterwards, gel-blot assays, by direct 
blotting on nitrocellulose or by electrophoresis in SDS/PAGE 
gels [5], had indicated similar amounts of OXO activity in the 
soluble and pellet fractions of wheat homogenates (Figure 1). 
However, evidence of its gl-OXO character, by mobilizing most 
of the putative germin oligomer in the pellet fraction in SDS/ 
PAGE, was not obtained. Thus, although the putative germin in 
the wells (gel-slots) of SDS/PAGE gels (Figure 1, lane 4) could 
be released and mobilized as the monomer by being heated 
before SDS/PAGE [13], the monomer was devoid of OXO 
activity in SDS/PAGE blots. 

In totality, our findings had suggested that, when wheat 
extracts were made with a buffer designed to conserve the 
physiological integrity of protein-synthesizing activity (see the 
Experimental section), the OXO activity in soluble wheat extracts 
was inhibited by a factor that was removed, destroyed or 
separated from germin during SDS/PAGE and/or nitrocellulose 
blotting. Because gl-OXO enzymes are refractory to treatment 
with pepsin, soluble fractions of wheat homogenates can be 
treated with pepsin to determine whether the putative inhibition 
might be caused by a protein. Compatible with this possibility 
was the observation that treatment of a soluble wheat extract 
with pepsin caused a marked increase in OXO activity in the 
14СО, release assay (Table 6). A similar large increase іп ОХО 
activity was achieved when untreated soluble wheat extracts were 
blotted on nitrocellulose (Table 6). Although still unproved, 
these results were consistent with the possible existence of a 
protein inhibitor of OXO in soluble wheat extracts. 


Table 6 Effects of treatment with pepsin and/or blotting to nitrocellulose on the cryptic ОХО activity present in a soluble extract of germinated (48 h) wheat 
embryos І 


For treatment with pepsin, soluble (S16) extracts (1 2 ml) were adjusted to pH 2 by adding approx 0.16 ml of 1 M HC and then mixed with approx 0 16 ml of рю pepsin (0.5 mg/ml m 001 M 
HCl) and incubated at 37 °C for 90 min before being neutralized to pH 7.5 with approx 008 mi of 25 M Tris [10] The pepsin treatment destroyed most proteins in the extracts, except garmin 
[9] Treatment of the corresponding Insoluble (P16) fraction of the homogenate with pepsin led to a comparable absolute increase in ОХО activity but this constituted a relatively small (50-100 %) 
proportional increase owing to a much higher activity in the Insoluble (relative to the soluble) fraction before treatment with pepsin. Reproducible results were obtained consistently if extracts of 
different cultivars and batches of embryos were made by homogenization in 1 5—3 ді of S16 buffer/mg of fresh mass (Table 2), but results could be capnctous with more dilute homogenates, 


eg homogenization in 20 ді of S16 bufler/mg ai fresh mass 


ОХО activity (zg of oxalate degraded in 10 mm) 


Fraction In solubon Dot-hlotted on nitrocellulose 
Untreated soluble (S16) 0.2 567 

Untreated Insoluble (P16) 59.2 а 

Adjusted to pH 2.0 and readjusted to pH 7.5 04 410 

Adjusted to pH 2 0, incubated at 37 °C for 90 min without pepsin and readjusted to pH 7.5 0.4 486 

Adjusted to pH 2.0, incubated at 37 °C for 90 min with pepsin and readjusted to pH 7.5 466 504 
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Table 7 Effects of preincabating soluble germin and germin-contalning sotuble call extracts with soluble or particulate fractions of homogenates or ceil- 
polysaccharides 


Assays were performed at 20 °C after test solubons or suspensions (20 ul) had been incubated, separately or mixed, for 10 min at 20 °C, then added to buffered substrate solution. The 516 
homogemzing buffer, polysacchandes and all soluble and insoluble fractions of homogenates of beet, wiki-type canola and maize were virtually devoid of ОХО activity For further details, see the 


Experimental section and the legend to Table 2. 
Fractions 


Soluble fraction of a transgeruc tobacco homogenate 
+ Soluble fraction of a wheat homogenate 
Soluble frachon of a transgenic canola homogenate 
+ Soluble fraction of a wheat homogenate 
Soluble germin (dralysed, salt-free) 
+516 homogenuing buffer 
-+ Soluble fraction of a best homogenate 
+ Soluble fraction of a cold-sensitive malze homogenate 
+ Soluble fraction of a wheat homogenate 
Soluble fraction of a wheat homogenate (with pepsin} 


+ Soluble fraction of a wheat homogenate (without pepsin) 


Soluble fraction of a wheat homogenate 
+-Soluble fraction of homogenate of a wikHype canola 
+ Insoluble fraction of homogenate of a wild-type canola 
-+-hsGGAX (100 дй) 
+X6 (100 ug) 


ОХО activity (eg of oxalate degraded in 10 min) 





'Mixing experiments' were done to determine whether the 
OXO activities of soluble extracts of transgenic dicotyledons 
might be inhibited by preincubating them with soluble wheat 
extract. As shown in Table 7, there were notable decreases in 
OXO activity if (1) a soluble extract of transgenic dicotyledons, 
(2) a pepsin-treated soluble extract of wheat or (3) germin itself 
was preincubated (10 min at room temperature) with soluble 
wheat (but not beet or maize) extract. Moreover, the existence of 
a cryptic germin activity was manifested when a soluble extract 
of wheat was preincubated with particulate fractions of wild-type 
rape (devoid of germin) or with some (hsGGAX) but not other 
(XG) types [43,44] of cell-wall polysaccharide (Table 7). 

It is germane to note that failure to detect OXO activity by 
^ CO, release assay of crude extracts is distinct from failure to 
detect OXO activity by H,O, release in solution assays of crude 
extracts. In the latter instance it is common for the assay not to 
detect the product of OXO action on oxalate (H.,O,) because the 
H,O, formed from oxalate is often, if not usually fully, degraded 
by peroxidases and catalases in crude cell extracts. Failure to 
detect ОХО activity by the !*CO, release assay of crude extracts 
is, in contrast, a hitherto unknown process that is reversible 
either by pretreatment with proteases or with (cell-wall) poly- 
saccharide-containing specimens. 

It is worth mentioning that the putative inhibitor might be (1) 
diffusible (dialysable), (2) able to bind and repress the activity of 
a pepsin-susceptible activator of OXO activity (e.g. GGAX) or 
(3) a pepsin-susceptible oxygen-consuming activity that deprives 
the OXO enzyme of an essential reactant (oxygen) needed to 
oxidize oxalate (see also the Discussion section). 


Germin is concentrated іп surface structures when ' pre-isolated' 
wheat embryos are germinated 


In the now classical system of Marcus [41], mature embryos, pre- 
isolated from dry, field-ripened wheat grains, undergo a triphasic 
uptake of water. First, rapid hydration (0—1 h) increases the 
water content of the embryos (from approx. 5% to approx. 
65%) and more than doubles their mass. Secondly, there is a 
germination period (1—5 h) during which fresh mass does not 


change but notable changes occur in the translatable mRNA 
population. Finally, there 15 a resumption of water uptake (5—48 
h) in singular association with the conspicuous nascent synthesis 
of germin and its mRNA [2,3]. This latter growth process 
increases the water content of the embryos (to approx. 85%) 
and increases their mass 3—4-fold [4] (Table 5). To obtain bio- 
chemical insight into the critical changes that occur in this 
system, in alliance with a surge of cell-wall germin activity (Table 
2), the gross anatomical distribution of germin in the germinated 
embryos was determined. 

For this purpose, thick sections of water-cultured embryos were 
immunostained with an anti-germin serum [13]. Sections 
were virtually transparent with preimmune serum, but with 
anti-germin serum there was, at 40h after imbibition, differ- 
ential staining of support tissues surrounding the embryo. 
Immunostaining of the envelope (coleorhiza) that surrounds the 
embryonic roots was particularly extensive in all sections (e.g. 
Figures 2A and 2B) but blue staining in the sheath (coleoptile) 
surrounding the embryonic leaves was extensive in some (Figure 
2A) and superficial in other (Figure 2B) sections, and staining 
near the mesocotyl was strong in some (Figure 2B) but absent 
from other (Figure 2A) sections. Although the cause 1s unknown, 
non-specific staining of nuclei, observed with immune serum but 
not preimmune serum, was useful because it provided, without 
counterstaining, clear rust-coloured delineation of structures 
(nuclei) also observed when sections were counterstained with 
Nuclear Fast Red. 

At higher magnification it was apparent that there was, in 
addition to non-specific staining of nuclei in the embryonic apex, 
primordial roots, leaves and mesocotyl (Figure 2), some weak 
(blue) staining in the cytoplasm of these non-vacuolated tissues 
(e.g. Figure 2C, a). The higher magnification emphasizes that 
there was much stronger, selective staining of vacuolated cells in 
the enveloping tissues that were adjacent to the apex (Figure 2C, 
b and c) and primordial roots (Figure 2C, d-f) in Figure 2(A). 
Immunostaining in the region of the mesocotyl (Figure 2B) was, 
at higher magnification (Figure 2C, g), comparable to the intense 
staining seen ın enveloping tissues (Figure 2C, h) and also in 
superficial layers of the coleoptile (Figure 2C, 1) of the same 
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Figure 2 For legend see facing page. 
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Figure 3 Temporal and spatial distributions of OXO activity in maturing 
wheat grains 


The bar graphs show the relative release of "CO, from ['*C]oxalate at 10 d.p.a. (black), 15 
d.p.a. (dark hatching), 20 d.p.a. (stippling) and 25 дра. (light hatching) when aliquots of 
homogenates of approx. 1 mg fresh mass of embryos, seedcoats, epidermes and bracts from 
developing wheat grains (cv. Vulcan) were assayed in solution/suspension [35]. Upper panel: 
soluble fractions of homogenates: 1, embryo; 2, endosperm; 3, seedcoat; 4, epidermis; 5, 
palea/lemma; 6, glumes, Lower panel: pellet fractions of homogenates: 1, embryo; 2, 
endosperm; 3, seedcoat: 4, epidermis; 5, palea/lemma; 6, glumes. 


section. Neighbouring tracheid-like structures (arrowhead in 
Figure 2C, g) suggest that the selectively stained region near the 
mesocotyl might be a part of the scutellar node [45]. 

The dominant features of these immunostained sections of 
water-cultured mature wheat embryos at 48 h after imbibition 
were the differential immunostaining of germin in the vacuolated 
enveloping tissues (Figure 2C, h) and in terminally differentiated 
vascular tissue (Figure 2C, g). These thick sections revealed, 
primarily, tissue rather than subcellular distributions of germin, 
but there is little doubt that much of the total germin, as 





Figure 4 Temporal and spatial distributions of gl-OXO in selected parts of 
maturing wheat grains 


‘Activity’ blots [5] are shown. Proteins in soluble (516) fractions of homogenates from different 
parts (approx. 1 mg of fresh tissue) of developing wheat grains (cv. Vulcan) were separated by 
SDS/PAGE, electroblotted on nitrocellulose and assayed for gl-OXO activity [5]. (A) Lanes 
contain embryo proteins extracted at 10 (lane 1) and 20 (lane 2) d.pa,, seedcoat proteins 
extracted at 10 (lane 3) and 20 (lane 4) d.p.a.. epidermis proteins extracted at 10 (lane 5) and 
20 (lane 6) d.p.a., palea/lemma proteins extracted at 10 (lane 7) and 20 (lane B) d.p.a. and 
glume proteins extracted at 10 (lane 9) and 20 (lane 10) d.p.a. (B) Lanes contain glume proteins 
extracted at 10 (lane 1), 15 (lane 2), 20 (lane 3), 25 (lane 4) and 30 (lane 5) бра 


previously shown by electron-scanning microscopy [13]. was 
allied with cell walls. At 10 h after imbibition, just before the 
onset of secondary uptake of water in concert with germin 
accumulation (results not shown). vacuolation was absent from 
the enveloping tissues of water-cultured mature embrvos and 
there was only very weak (but still selective) immunostaining of 
the enveloping tissues (results not shown). Likewise, in immature 
[20-30 days post-anthesis (d.p.a.)] wheat embryos (results not 
shown) there was weak but selective immunostaining of en- 
veloping tissues, comparable to that seen in the axial tissues of 
water-cultured mature embryos (Figure 2C, a). 


OX0-y is concentrated in surface structures of the naturally 
maturing and mature wheat grain 


The "CO, release assays in Figure 3 illustrate the differential 
temporal accumulations of OXO- that occurred in various 
parts of a developing wheat grain. Accumulations of soluble 
OXO-y in the epidermis (Figure 3, upper panel) and of in- 
soluble OXO-/ in the palea/lemma (Figure 3. lower panel) are 
most noteworthy. Limited availability, friability and tractability 
of structures enveloping the caryopsis dictated the preparation of 
relatively dilute extracts (i.e. 20 wl rather than 3 yl] of buffer/mg 
of fresh mass). 

Blot comparisons of release of H,O, in Figure 4(A) illustrate 
the special character (stable to SDS/PAGE and blot transfer). 
temporal emergence and relative magnitudes of OXO activities 


Figure 2 Germin is immunostained in thick sections of 'pre-isolated' germinated wheat embryos 


(A) ^ longitudinal. section of a water-cultured (40 h), mature wheat embryo was immunostained with an anti-germin rabbit serum as a source of primary antibodies, and alkaline-phosphatase 
conjugated goat anti-rabbit IgG as a source of secondary antibodies. A serial section from the same embryo was almost transparent when it was processed as described (see the Experimental 
section) with pre-immune serum in place of the anti-germin serum. The reason why all nuclei stained non-specifically is unknown. Lettering (a-f) is placed below areas shown at higher magnification 
in the nine-pane! composite (C). Magn. x 37. (B) As in (A), but this longitudinal section contains a centrally located, immunostained structure that could be the scutellar node (above g). Lettering 
(9—1) is placed below areas that are shown at higher magnification in the піпе-рапе! composite (C). Magn. x 37. (C) The lettered areas indicated in (A) and (B) are shown at higher magnification 
( x 184) The apex is shown in (а), and regions adjacent to the apex, including primary leaves and vacuolated enveloping tissue, are shown in (b) and (е). Primary root and adjacent enveloping 
tissue (coleorhiza) are shown in (d) and (e), and vacuolated enveloping tissue is again shown in (f). A region that might correspond to the scutellar node, with allied tracheids, is shown in (g). 
and the apposed tissues of the primary root and vacuolated envelope are shown in (h). The coleoptile and vacuolated enveloping tissue, possibly including the coleoptile epidermis, are shown 


next to primary leat tissue in (1). 
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Figure 5 Comparison of gl-0X0 activities and dye-stainable proteins in the 
embryos and epidermes of maturing wheat grains 


(A) This shows an ‘activity’ blot [5]. Proteins in the soluble fractions of homogenates were 
prepared from approx. 1 mg of fresh tissue, separated by SDS/PAGE, electroblotted to 
nitrocellulose and assayed for gl-OXO activity [5]. The fresh tissues used for these analyses 
derived from the embryos and epidermes of developing wheal grains (cv. Cheyenne), and from 
the same 'pre-isolated' wheat embryos (cv. Neepawa) that had been germinated (40 h) and 
used for the histological studies of Figure 2. Lane 1, proteins from germinated (40 h after 
imbibition) wheat embryos; lane 2, proteins from developing (15 d.p.a.) wheat embryos; lane 
3, proteins from developing (25 дра.) wheat embryos; lane 4, proteins from developing (35 
d.p.a.) wheat embryos: lane 5, proteins from developing (15 d.p.a.) wheat epidermes; lane 6, 
proteins from developing (25 d.p.a.) wheat epidermes; lane 7, proteins from developing (35 
d.p.a.) wheat epidermes; lane 8, proteins from germinated (40 h after imbibition) wheat 
embryos. Arrowheads indicate the G glycoform of germin (molecular mass approx. 130 kDa) 
[61] in lanes 1 and B, and OXO-4/ (molecular mass approx. 100 kDa) [67] in lane 4. (B) А 
dye-stained SDS/PAGE gel is shown. The samples analysed on this gel were identical with 
those on the gel that was used to obtain the activity blot in (A), but in (B) the gel was stained 
directly with Coomassie Blue without being blotted !o nitrocellulose. Comparison of the 
corresponding lanes (1—8) in (B) with those in (A) illustrates the vast differences in protein 
content between the embryo and epidermis extracts that were assayed for gl-OXO activity in (A) 
The arrowhead indicates OX0-y in lane 7; i.e. OXO- (molecular mass approx. 100 kDa) is 
visible by dye-staining and constitutes a considerable proportion of the total protein in epiderma! 
extracts at 35 d.p.a. 


in soluble extracts made from different parts of the caryopsis at 
10 and 20 d.p.a. At all stages of development, the endosperm was 
virtually devoid of detectable ОХО activity in either "СО, 
release or H,O, release assays (results not shown). The blot 
comparison in Figure 4( B) shows that, in spite of their toughness 
and resistance to disintegration, developing glumes yielded easily 
detected and increasing amounts of OXO in soluble extracts 
made between 10 and 30 d.p.a. 

Further blot comparisons of H,O, release (Figure 5) show the 
temporal emergence and relative magnitudes of OXO activities 
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in the embryo and epidermis of the immature wheat caryopsis at 
15, 25 and 35 d.p.a. Compatible with the results in Figure 3 for 
a more rapidly developing wheat cultivar was the observation 
that the soluble and insoluble fractions of homogenates of the 
epidermis had much greater activity than the corresponding 
embryo fractions at each time point (Figure 5A). Extracts applied 
to each gel slot in Figures 3-5 were derived from approx. | mg 
(fresh mass) of tissue. The replica dye-stained gel (Figure 5B) was 
not subjected to blot transfer and showed that embryo extracts 
contained vastly more protein than did extracts of epidermis, 
which tissue accumulates large amounts of ' pentosans' during 
this period of development [46]. 

The accumulation of OXO-y. in relation to total protein, was 
very much greater in the epidermis than in the embryo; it seems 
likely that this has a significant bearing on the profound physical 
change that occurred in the epidermis of this cultivar between 25 
and 35 d.p.a. The epidermis of the pericarp had a pliable, 
rubbery consistency, similar to the peeled human-skin epidermis 
in appearance and texture, and it readily separated from under- 
lying tissue at 25 d.p.a.; however, at 35 d.p.a. the epidermis had 
been transformed into a tough, horny layer that was difficult to 
separate from underlying tissue. 

The OXO activities in extracts made from parts of the immature 
caryopsis, when assayed by "СО, release from ['*C]Joxalate or 
by H,O, release in activity blots of SDS/PAGE gels, all had the 
same special properties, i.e. the OXO- oligomer and its activity 
were both refractory to heating, diminishing only marginally 
after 1 min at 100 °C in aqueous SDS-containing solution [13]; 
however, the activity of germin was fully eradicated in less than 
20 s. 


DISCUSSION 
Biological considerations 


It is remarkable that the source of H,O, used to form covalent 
cross-links in cell walls generally [47-49], and in the cell walls of 
seedcoats and pericarps in particular [50]. remains unknown. The 
present study was initiated to address and perhaps redress some 
of this deficit in our understanding. Temporal and spatial 
correlation between the extensive vacuolation of, and the emerg- 
ence of OXO enzymes in, root and leaf sheaths of the germinated 
embryo (germin) (Figure 2), and in epidermis and bracts of the 
maturing grain (ОХО-у) (Figures 3 and 5), lend compelling 
support to the idea [3,33] that oxalate is a source of the H,O, 
used to form cell-wall cross-links in the surface tissues of 
developing wheat. 

The oxalate contents of cereals (0.1-0.2 ~g/mg of fresh mass) 
(Table 5) correspond to mean concentrations of 1-2 mM in 
normally hydrated tissues. Without compartmentation of sub- 
strate and enzyme, it would be expected from the data in Table 
5 that there would be rapid and complete oxidation of oxalate by 
germin. This could occur in rivo if, during the formation of the 
hard surface structures of ripened grains or during pathogen 
invasion, there were a collapse of cellular permeability barriers 
[51] and broad penetration of the OXO-containing extracellular 
matrix by oxygen and vacuolar [52] soluble oxalate at ap- 
propriately acidic pH values (see [3]). In this context, programmed 
cell death (apoptosis) is seen as a constitutive as well as an 
adaptive form of differentiation [53,54] or tissue remodelling. 
For example, ОХО- can decrease the toxic levels of oxalate 
secreted by predator organisms such as Sclerotinia sclerotiorum 
[55] and unlike the predator, which degrades oxalate without 
forming H,O,, OXO- converts oxalate into H,O,. which is 
toxic to the predator and promotes the formation, in the host. of 
cross-linked wall barriers against predator penetration. 


я, 


It was reported, оп the basis of their superoxide dismutase and 
peroxidase activities, that hexaploid wheats are conspicuously 
deficient in their antioxidant capacities [56]. From the present 
study (Table 5), it seems that this ‘antioxidant deficiency’ of 
hexaploids might reflect elevated pro-oxidant capacity, to which 
the A and D diploid progenitors contribute most heavily (Table 
3). Compatible with this is the observation that the gf-2.8 ОХО 
promoter occurs, minimally, in one or two, none or one, and 
three or four copies respectively in the A, B and D genomes, and 
maximally at 2—3-fold these frequencies [11]. There have been 
reports that oxalate might also have a role in creating pro- 
oxidant environments in animal cells. This seems unlikely in the 
case of neutrophils, in which reportedly elevated levels of oxalate 
[57] were probably due to a procedural artifact: the conversion 
of ascorbate into oxalate in blood specimens ([38.58], and B. G. 
Lane, unpublished work). In contrast, wheat products in the 
human diet could be a source of H,O, ш the gastrointestinal 
tract, where oxalate degradation ordinarily proceeds without 
H,O, formation [59]. For example, wheat brans used to manu- 
facture breakfast cereals are a rich source of OXO-y, and robust 
OXO-y-like activity has been found in several commercial 
products, including 'shredded wheat' (B. G. Lane, unpublished 
work). In view of its formidable stability, some of this OXO-y 
activity might survive in the gut and have as yet unknown but 
possibly significant consequences. 


Molecular considerations 


The stability of ОХО-у is unusual, even for germins. Indeed, it 
is characteristic of the stability of enzymes in hyperthermophilic 
organisms [60]. Accordingly, pepsin digestion at pH 2 and 
extended periods (30 min) of boiling are steps used to isolate 
OXO-y from bulk, commercially accessible wheat bran and 
whole grains (B. G. Lane, unpublished work). It is of special 
interest to know what causes germin to lose its OXO activity 
completely after a few seconds in boiling water, whereas OXO- 
у, so closely related to germin antigenically and in its primary 
structure [13], 1s vastly more stable at 100 °С. Differences in 
quaternary structure and/or molecular mass (approx. 130 kDa 
for wheat germin; approx. 100 kDa for wheat OXO-y, by 
SDS/PAGE) might be important factors. Historically, these 
properties of the germins have presented knotty problems. On 
the basis of our comprehensive physicochemical studies, which 
first revealed extensive f-structure ın germins, it had seemed that 
the 130 kDa wheat germin oligomer was homopentameric [61]; 
however, our subsequent X-ray diffraction study of barley germin 
(E. F. Pai and B. G. Lane, cited in [62]) clearly showed that the 
germin oligomer lacked a fivefold axis of symmetry and that it 
was likely to be a tetramer or hexamer, most probably a hexamer 
because a pentamer had been detected by cross-linking with 
dimethylsuberimidate [61]. This was confirmed by more complete 
X-ray diffraction study [63]. 

Transformation of oilseed rape by a full-length barley germin- 
coding element was first reported by Thompson et al. [64]. 
Transformations of dicotyledons (sunflower, tobacco, canola, 
soybean and potato) and a monocotyledon (maize), with a full- 
length wheat germin-coding element supplied by this laboratory, 
have also been achieved. Field trials, now under way to assess 
any improved host-resistance to microbial predators in the 
transgenics, have shown promise. 

Study of the classical ‘pre-isolated wheat-embryo system’ 
[41,65] led to the discovery of germfin [2,3] and later to the 
discovery of OXO-y [13] Growth in this system is ‘unnatural’. 
Unlike ‘natural’ embryos, im situ, in wheat grains, which 
vigorously accumulate DNA (2-fold increase), protein (3-fold 
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increase) and carbohydrate (5-fold increase) during the 48 h that 
follow the onset of germination, ‘pre-isolated embryos’, after 
their mass isolation from grains, accumulate no DNA or protein 
and only a modest amount of carbohydrate during the same 
period [66]. Growth in the ‘pre-isolated wheat embryo’ is due 
largely to water uptake. To account for a conspicuous correlation 
between the bulk of the water uptake 1n this system [65] and the 
nascent synthesis of germin, which was shown to be adven- 
titiously associated with GGAX [13,67], it was proposed, after 
germin was found to be an OXO, that the co-transport of germin 
with GGAX from the Golgi network to cell walls might initiate 
vacuolation by enhancing wall plasticity and that, later, vacuo- 
lation might be terminated by germin-generated induction by 
H,O, of cross-linking in cell walls [3]. 

The discovery that there is a concerted accumulation of OXO- 
y (this study) and ' pentosans' [46] in the maturing epidermis of 
the wheat grain has provided an unprecedented opportunity to 
study the relation between OXO accumulation and GGAX 
[44,67] in a natural environment, in which differentiation is allied 
with profound physical transformation, perhaps the H,O,- 
mediated hardening/lignification of surface structure. As we 
noted when the OXO activity of germins was discovered [5], the 
fact that peroxidases, with their reliance on H,O,, are a parameter 
of metabolic activity during growth alterations [68] gives tes- 
timony to the importance of H,O, production during growth. 
This concept was recently well articulated [33] in the context of 
embryo growth during wheat germination. It is therefore tempt- 
ing to speculate that hsGGAX-induced activation of OXO 
activity in the soluble fraction of wheat homogenates (Table 7) 
might reflect intimate linkage in vivo between H,O, generation 
and peroxidatic activity. If, as suspected, GGAX is a natural 
target of the H,O, generated by gl-OXO in vivo, perhaps in a 
coupled reaction sequence that involves the peroxidase-depen- 
dent cross-linking of GGAX to ferulate and hydroxycinnamate 
[43,44,69—71], then hsGGAX might be expected to have an 
idiosyncratic capacity to activate gl-OXO in vitro, and thereby, 
to contribute to order-of-magnitude variations in the OXO 
activities of different ‘soluble’ and ‘insoluble’ fractions of 
‘pre-isolated wheat embryos’ (Tables 2, 5—7). 
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Ca^* signals mediated by Ins(1,4,5)P,-gated channels in rat 


ureteric myocytes 


François-Xavier BOITTIN, Frédéric COUSSIN, Jean-Luc MOREL, Guillaume HALET, Nathalie MACREZ and Jean MIRONNEAU' 
Laboratoire de Physiologie Cellulaire et Pharmacologie Moléculaire, CNRS UMR 5017, Université de Bordeaux il, 146 rue Léo Saignat, 33076 Bordeaux Cedex, France 


Localized Ca**-release signals (puffs) and propagated Ca?* waves 
were characterized in rat ureteric myocytes by confocal micro- 
scopy. Ca** puffs were evoked by photorelease of low concen- 
trations of Ins({1,4,5)P, from a caged precursor and by low 
concentrations of acetylcholine; they were also observed spon- 
taneously in Ca**-overloaded myocytes. Са?+ puffs showed some 
variability in amplitude, time course and spatial spread, 
suggesting that Ins(1,4,5)P,-gated channels exist in clusters 
containing variable numbers of channels and that within these 
clusters a variable number of channels can be recruited. Immuno- 
detection of Ins(1,4,5)P, receptors revealed the existence of 
several spots of fluorescence in the confocal cell sections, sup- 
porting the existence of clusters of Ins(1,4,5) P, receptors. Strong 
Ins(1,4,5)P, photorelease and high concentrations of acetyl- 
choline induced Ca** waves that originated from an initiation 
site and propagated in the whole cell by spatial recruitment of 


neighbouring Ca**-release sites. Both Ca** puffs and Ca** waves 
were blocked selectively by intracellular applications of heparin 
and an anti-Ins(1,4,5) P,-receptor antibody, but were unaffected 
by ryanodine and intracellular application of an anti-ryanodine 
receptor antibody. mRNAs encoding for the three subtypes of 
Ins(1,4,5) P, receptor and subtype 3 of ryanodine receptor were 
detected in these myocytes, and the maximal binding capacity of 
['H]Ins(1,4,5)2, was 10- to 12-fold higher than that of [?H]- 
ryanodine. These results suggest that Ins(1,4,5) P,-gated channels 
mediate a continuum of Ca** signalling in smooth-muscle cells 
expressing a high level of Ins(1,4,5)P, receptors and no subtypes 
] and 2 of ryanodine receptors. 


Key words: calcium puff, calcium-release channel, confocal 
microscopy, sarcoplasmic reticulum, smooth muscle. 





INTRODUCTION 


The release of Ca™ ions from the intracellular stores into the 
cytosol plays a central role in the control of many cellular 
activities in excitable and non-exctable cells. Ins(1,4,5)P, 
receptors and ryanodine receptors represent the two major types 
of intracellular Ca**-release channels, and share some functional 
similarities. Global Ca** signals in intact cells have been reported 
to be due to the co-ordinated recruitment of ‘elementary’ Ca*^- 
release units [1,2], inducing either Ca?* sparks when the units 
contain mainly ryanodine receptors, i.e. in cardiac and vascular 
myocytes [3-5], or Ca?*-release signals, or ‘puffs’, when the units 
contain mainly Ins(1,4,5)P, receptors, i.e. 1n Xenopus oocytes and 
HeLa cells [6,7]. Elementary Ca** events are spatially localized, 
short transient signals that dissipate rapidly due to diffusion of 
Ca** into the cytoplasm and sequestration into the intracellular 
Stores. 

In smooth muscles, it is believed generally that Ca** release 
from the intracellular store can be generated by Ins(1,4,5) P, and 
ryanodine receptors [8]. In rat portal-vein myocytes, there are 
indications that these two Ca*-release channels are co- 


localized on the same intracellular store [9]. In these myocytes, - 


ryanodine receptors are highly expressed and organized in 


clustered units, so that they can generate Ca** sparks. In contrast, : 


Ins(1,4,5)2, receptors are not organized in clustered units 
and Ins(1,4,5)P,-evoked Ca?* puffs have'not been observed in 
portal-vein myocytes [9]. Up to now, Ca** puffs activated by 
Ins(1,4,5)P, have never been reported in any smooth muscle. On 
the basis of contraction and cytosolic Ca** measurements, it has 


been suggested recently that rat ureter myocytes may possess 
only an Ins(1,4,5) P,-sensitive Ca** store [10,1 1] and may therefore 
represent a good model with which to study the hierarchy of Ca** 
signals evoked by Ins(1,4,5)P,-gated channels. 

The present study identifies for the first time in smooth-muscle 
cells Ca** puffs evoked by activation of clusters of Ins(1,4,5)P,- 
gated channels in response to photorelease of Ins(1,4,5)P, and 
application af low doses of acetylcholine. Ca** puffs can be 
observed spontaneously in Ca**-overloaded myocytes. The Ca** 
puffs display some variability 1n size, time course and spatial 
spread. Increasing concentrations of Ins(1,4,5)P, and acetyl- 
choline induce a spatial recruitment of localized Ca** signals 
leading to propagated Ca** waves. The functional experiments 
are supported by immunodetection of Ins(1,4,5)P, receptors, 
showing the existence of several spots of fluorescence in confocal 
cell sections, and by binding data indicating that the density of 
Ins(1,4,5)P, receptors is 10—12-fold higher than that of ryanodine 
receptors in these myocytes. These results suggest that ın visceral 
smooth-muscle cells expressing a high level of Ins(1,4,5)P, 
receptors and no subtypes | and 2 of ryanodine receptors, a 
continuum of Ins(1,4,5)P,-gated channel-mediating Ca** sig- 
nalling can be detected. i i 


EXPERIMENTAL PROCEDURES 


Cell preparation, solutions and membrane-current recordings 


Wistar rats (150-160 g) were stunned and killed by cervical 
dislocation. Ureters were removed quickly, cut into several pieces 
and incubated for 10 min in low-calcium (40 4M) physiological 


Abbreviations used: AM, acetoxymethy! ester, [Ca?*], cytoplasmic calcium concentration, [Ca?*]., external calcium concentration, FWHM, full width 
at half-maximal amplitude; Fluo-3, 1-[2-amino-5-(2,7-dichloro-6-hydroxy-3-oxo-3H-xanthen-9-yl)]-2-(2"-amino-5" -methylphenoxy)ethane-N,N,N",N'- 
tetra-acetic acid penta-ammonium, Indo-1, 1-[2-amino-5-(6-carboxyindol-2-yl)phenoxy]-2-(2/-amino-5'-methylphenoxy)ethane-N,N,N",N"-tetra-acetic 


acid pentasodium 


1 To whom correspondence should be addressed (e-mail jean mironneau(Qumr5017 u-bordeaux2.fr) 
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solution; then 0.8 mg/ml collagenase, 0.25 mg/ml Pronase E and 
1 mg/ml BSA were added at 37 °C for 15 min. After this time, 
the solution was removed and the ureter pieces were incubated 
again in a fresh enzyme solution at 37°C for 15 min. Tissues 
were then placed 1n enzyme-free solution and triturated using a 
fire-polished Pasteur pipette to release cells. Cells were stored on 
glass coverslips and used within 10 h. Portal-vein myocytes were 
obtained as described previously [5,9]. 

The normal physiological solution used contained 130 mM 
NaCl, 5.6 mM KCl, 1 mM MgCl, 1.7 mM CaCl,, 11 mM glucose 
and 10 mM Hepes, pH 7.4. The basic pipette solution contained 
130 mM CsCl, 10 mM Hepes and 60 nM Fluo-3 (1-[2-amino- 
5-(2,7-dichloro-6-hydroxy-3-oxo-3H-xanthen-9-y1)]-2-(2'-amino- 
5'-methylphenoxy)ethane-N,N,N',N'-tetra-acetic acid penta- 
ammonium}, pH 7.3, with CsOH. Substances were applied 
externally by pressure ejection from a glass pipette for the periods 
indicated in the relevant Figure legends. All the experiments 
were performed at 28+1 °C. 

Voltage-clamp and membrane-current recordings were made 
with a standard patch-clamp technique using a List EPC-7 
patch-clamp amplifier (List, Darmstadt-Eberstadt, Germany). 
Patch pipettes had resistances of 4~6 MQ. Membrane potential 
and whole-cell membrane current were stored and analysed using 
an IBM-PC computer (P-clamp System, Axon Instruments, 
Foster City, CA, U S.A). 


Confocal microscopy and fluorescence measurements 


A Bio-Rad MRC 1000 (Bio-Rad, Paris, France) confocal scan- 
ning head was coupled to a Nikon Diaphot (Nikon, Tokyo, 
Japan) inverted microscope. In all experiments a Nikon Plan 
Apo x60, 1.4 numerical aperture objective lens was used. The 
iris aperture was set to 40—50 95 of maximum, providing an axial 
(z) resolution of about 1.5 um and an x-y resolution of 0.4 um. 
Illumination was provided by а 25-mW argon ion laser (Ion 
Laser Technology, Salt Lake City, UT, U.S.A.). The excitation 
wavelength (488 nm) was selected using interference filters and 
the emitted fluorescence was collected at wavelengths preater 
than 515 nm. For some experiments, Fluo-3 (60 uM) was dialysed 
into the cells through the patch-pipette, as reported previously 
[9]. The fluorescence beam was filtered and detected using a 
photomultiplier tube. For other experiments, cells were loaded 
by incubation ш physiological solution containing 1 4M Fluo-3 
acetoxymethyl ester (AM) for 1 h at room temperature. These 
cells were washed and allowed to cleave the dye to the active 
Fluo-3 compound for at least 1 h. To compensate for uneven 
distribution of the Fluo-3, self ratios were calculated (R= 
F/F.,, Where F is fluorescence and E, 18 resting-level 
fluorescence). Note that no change in fluorescence corresponds 
to Б/Е. = 1 апа AF/F..,=0. Image acquisition and data 
analysis were performed by using COMOS, TCSM and MPL- 
1000 software (Bio-Rad). Images were acquired ın the line-scan 
mode of the confocal microscope; this mode repeatedly scanned 
a single line through the cell every 6 ms. Spatial average 
fluorescence can be measured (after filtering with a 3x3 rank 
filter) in the entire line-scan image or ın a 2-um region on the x- 
axis, illustrating temporal changes of [Ca*'], the cytoplasmic 
calcium concentration. 

In some experiments, cells were loaded by incubation in 
physiological solution containing 1 uM Indo-1 (1-[2-amino-5-(6- 
carboxyindol-2-yl)phenoxy]-2-(2'-amino-5'-methylphenoxy)- 
ethane-N,N,N',N'-tetra-acetic acid pentasodium}/AM for 
30 min. Measurement of fluorescence to monitor [Ca**], using 
Indo-1 bas been reported previously [12]. 
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Flash photolysis 


Caged Ins(1,4,5)P, [Ins(1,4,5)P,, P**-1-(2-nitrophenyl) ethyl 
ester] was introduced into the cell via the patch pipette, allowing 
3—4 min for equilibration. Photolysis was produced by a 1-ms 
pulse from a xenon flash Jamp (Hi-Tech Scientific, Salisbury, 
Wills, U.K.) focused to a spot of about 2 mm in diameter 
around the cell. Light was band-pass filtered with а UGI1 glass 
between 300 and 350 nm. Flash intensity could be adjusted by 
varying the capacitor charging voltage between 0 and 385 V, 
which corresponded to a change in the energy input into the flash 
lamp from 0 to 240 J. Upon flash photolysis, 1ns(1,4,5) P, was 
released within 2 ms. À small percentage of conversion of caged 
compounds (about 10%) was useful if repetitive pulses were 
applied in order to obtain similar responses. Flash intensities up 
to 60 J could be applied repetitively without altering the reserve 
of caged Ins(1,4,5)P, (20 uM) and, consequently, the amount of 
photoreleased compounds. 


Immunocytochemistry 


Myocytes were immunostained as described previously [13], 
except that donkey serum was used instead of fetal calf serum. 
Myocytes were incubated in the presence of anti-Ins(1,4,5)P, 
receptor antibodies (at 1:200 dilution) for 20 h at 4 °С, and the 
secondary antibodies (donkey anti-rabbit IgG conjugated to 
FITC, diluted 1:200) were incubated for 3 h at 20 °C. Thereafter, 
cells were mounted in Vectashield. 


Microsgmal-membrane preparation 


Microsomal membranes of ureter and cerebellum from Wistar 
rats were prepared by homogenization with a Kontes potter in a 
solution containing 20 mM Tris/HCl, 1 mM EGTA and 1 mM 
PMSF, pH 7.4. The homogenate was centrifuged at 170 g for 
10 min at 4 °C. Microsomal membranes were obtained as a pellet 
by centrifugation of the supernatant at 185000 g for 90 min at 
4°C. Microsomal membranes were then resuspended in the 
buffer and stored at —80°C. Protein concentration was de- 
termined according to Bradford [14]. 


Immunoblotting 


For Western-blotting analysis, microsomal proteins were 
separated on SDS/PAGE (7.5%) minigels and transferred to 
PVDF membranes for 16 h at 30 V in a transfer buffer containing 
192 mM glycine and 25 mM Tris/HCi (pH 8.3). Membranes 
were blocked for 1h in blocking buffer containing 20 mM 
Tris/HCl and 3% BSA (pH 7.4) and then incubated for 5h at 
room temperature with the primary anti-Ins(1,4,5)P, receptor 
antibody at 1:200 dilution. After extensive washing, membranes 
were incubated for 2 h with the secondary antibody coupled to 
horseradish peroxidase (anti-rabbit, 1:5000 dilution). Specific 
antigen detection was performed using H,O, and diamino- 
benzidine to detect horseradish peroxidase activity on PVDF 
membranes and .Kodak EDAS 120 (Kodak, Rochester, NY, 
U.S.A.). 


l'H]Ryanodine- and [*H]Ins(1,4,5)P,-binding assays 


PH]Ryanodine binding to microsomal membranes of rat ureters 
was measured, as reported previously on rat portal vein [15], in 
a medium containing 1 M KCl, 25 mM Hepes (pH 7.8 at 37 °C), 
1 mM dithiothreitol, 0.1 mM CaCl, 1 mg/ml BSA and 0.1 mM 
PMSF. [*HjRyanodine was used in the concentration range of 


2-30 nM. After a 3-h incubation at 37 °C, aliquots were filtered 
through Whatmann GF/C fibre-glass filters and washed three 
times with 5 ml of ice-cold binding buffer. The filters were placed 
in scintillation vials filled with 4 ml of liquid-scintillation cocktail, 
shaken for 1 h, and counted in a Packard 1500 Tri-Carb. Non- 
specific binding was measured in the presence of 10 uM ryanodine 
and was subtracted before calculation. At 20 nM [*H]ryanodine, 
non-specific binding was < 60% of total binding. 

[*H]ins(1,4,5)P, binding was measured in a medium containing 
0.1 M KCl, 50 mM Tris/HCl (pH 8.3 at 2-4?C) and 1 mM 
EGTA. [*H]Ins(1,4,5)P, was used in the concentration range of 
2-200 nM. After a 10-min incubation on ice, binding reactions 
were terminated by centrifugation (15000 g, 15 min, 4 ?C). The 
supernatant was aspirated and the pellet was rinsed quickly 
with 0.2 ml of ice-cold binding buffer. Pellets were solubilized with 
0.1 ml of Soluene-100 (55 °C, 30 min). After transfer into scin- 
tillation vials with 4 ml of liquid-scintillation cocktail, radio- 
activity was counted in a Packard 1500 Tri-Carb. Non-specific 
binding was measured in the presence of a 1000-fold excess 
of Ins(1,4,5)P, over [*H]Ins(1,4,5)2, concentration. At 100 nM 
[*H]Ins(1,4,5) ^,, non-specific binding was < 55% of total bind- 
ing. 

Maximal binding capacity (Baa) and dissociation constant 
(K,) were obtained from saturation binding experiments. . 


Reverse transcriptase PCR 


Total RNA was extracted from about 500 cells using the RNeasy 
mini kit (Qiagen, Hilden, Germany). The reverse-transcription 
reaction was performed using the Sensiscript RT kit (Qiagen). 
Total RNA was incubated first with random primers (Promega, 
Lyon, France) at 65 °C for 5 min, then, after a cooling time of 
15 min (at 25 °C), reverse transcriptase mix was added and the 
total mixture was incubated 60 min at 37 °C. The resulting cDNA 
was stored at —20°C. PCR was performed with 2д1 of 
cDNA (in reverse transcriptase PCR mix), 1.25 units of HotStart 
Тад DNA polymerase (Qiagen), 1 uM of each primer and 200 uM 
of each deoxynucleotide triphosphate, in a final volume of 50 yl. 
The solution was supplemented with 2.5 mM MgCl, except for 
subtype 1 of Ins(1,4,5)P, receptors. The PCR conditions were 
95°C for 15 min, then 35 cycles at 94°C for 1 min, 60°C 
(subtypes 1 and 2 of ryanodine receptors and all subtypes of 
Ins(1,4,5)P, receptors) or 56 °C (subtype 3 of ryanodine receptor) 
for 1 min and 72 °C for 1.5 min and at the end of PCR, samples 
were kept at 72 ?C for 10 min for final extension and then stored 
at 4?C. Reverse transcription and PCR were performed with 
a thermal cycler (Techne, Cambridge, U.K.). Amplification 
products were separated by electrophoresis (2 % agarose gel) and 
vizualized by ethidium bromide staining. Gels were photographed 
with EDAS 120 and analysed with KDS 1D 2.0 software (Kodak 
Digital Science, Paris, France). Sense and antisense primer pairs 
used to amplify fragments of subtypes 1, 2 and 3 of Ins(1,4,5) P, 
and ryanodine receptors were designed on the basis of the known 
cloned receptor sequences deposited in GenBank (accession 
numbers J05510, X61677, L06096, X83932, X83933 and X83934, 
respectively) with DNASTAR software (Lasergene, DNAstar, 
Madison, WI, U.S.A.). The nucleotide sequences and the lengths 
of the expected PCR products (in parentheses) for each primer 
pair were as follows. Subtype 1 of Ins(1,4,5)P, receptor, sense, 5'- 
ACTGGAAGACCATAAAAGGGGTGA-3, and antisense, 
S'-TCCGICAGCCGGCAGAAAAATGAG-3 (368 bp); sub- 
type 2 of Ins(1,4,5) P, receptor, sense, 5’--GGCACAGCCTCTCC- 
ATGTGGCAGG-3’, and antisense, 5’-TTCCTGTCTCGCTG- 
ACCCCAGTGC-3' (197 bp); subtype 3 of Ins(1,4,5) 5, receptor, 
sense, 5’-CACGGAGCTGCCACATTTATGGGC-3’, and anti- 
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sense, 5’-TCCTCAGTCCGTGGTICATGACGG-3’ (168 bp) 
[16]; subtype 1 of ryanodine receptor, sense, 5-GAAGGTTC- 
TGGACAAACACGGOG-3,, and antisense, 5’-TCGCTCTTGT- 
TGTAGAATTTGCGG-3 (435 bp); subtype 2 of ryanodine 
receptor, sense, -GAATCAGTGAGTTACTGGGCATGG-3,, 
and antisense, S'-CTGGTCTCTGAGTTCICCAAAAGC-3'! 
(635 bp); subtype 3 of ryanodine receptor, sense, 5'-CCTTCG- 
CTATCAACTTCATCCTGC-3’, and antisense, 5’-TCTTCTA- 
CTGGGCTAAAGTCAAGG-9’ (505 bp) [17]. 


Chemicals and drugs 


Collagenase was obtained fram Worthington (Freehold, NJ, 
U.S.A.); Pronase E, BSA, acetylcholine, heparin and Ins(1,4,5)P, 
were from Sigma (St Louis, MO, U.S.A.). Ryanodine, Indo- 
1/AM and caged Ins(1,4,5)P, [Ins(1,4,5)P,, P*°-1-(2-nitro- 
phenyl)ethyl ester] were from Calbiochem (Meudon, France) 
Caffeine was from Merck (Nogent sur Marne, France). Fluo-3 
and Fluo-3/AM were from Molecular Probes Europe (Leiden, 
The Netherlands). Oxodipine was a gift from Dr Galiano 
(Instituto de Investigacion y Desarrollo Quimico Bio- 
logico, Madrid, Spain). [H]Ryanodine (68 Ci/mmol) and 
[*H]Ins(1,4,5)P, (20 Ci/mmol) were from DuPont NEN (Boston, 
MA, U.S.A.). Primers specific for Ins(1,4,5)P; and ryanodine 
receptors were synthesized by Eurogentec (Seraing, Belgium). 

Antibodies directed against Ins(1,4,5)P, and ryanodine 
receptors were added to the pipette solution to allow dialysis of 
the cell after a breakthrough in whole-cell recording mode for at 
least 5—8 min, a time longer than that expected theoretically for 
diffusion of substances in solutions [18]. The rabbit anti- 
Ins(1,4,5)P,-receptor antibody was raised to the C-terminal 
amino acids (GGVGDVLRKPS) of the Ins(1,4,5)P, receptors 
(407143-S, Calbiochem). The mouse anti-(ryanodine receptor) 
antibody was raised to the C-terminal amino acids (DQQEQV- 
КЕРМЕТК) of the ryanodine receptor (559279-S, Calbiochem). 
For immunological detection, FITC-conjugated affinity-pure 
donkey anti-rabbit IgG and donkey serum were from Jackson 
Immunoresearch Laboratories (West Grove, PA, U.S.A.) and 
Vectashield was from Biosys (Compiègne, France). 


Analysis of data 


The results are expressed as means+S.E.M. Significance was 
tested by means of Student's t test. P values of < 0.05 were 
considered significant. 


RESULTS 


Expression of 1п(1,4,5)Р, and ryanodine receptors in rat ureteric 
myocytes 


The expression of 105(1,4,5)Р,- and ryanodine-receptor subtypes 
was examined by using subtype-specific primers designed to 
amplify cDNA fragments of subtypes 1, 2 and 3 of these 
receptors in rat ureter and cerebellum. Amplified fragments of all 
three Ins(1,4,5) P,-receptor subtypes were observed (Figure 1A), 
indicating that the three Ins(1,4,5)P,-receptor mRNAs were 
expressed in ureter and cerebellum. In contrast, amplification of 
fragments of mRNAs encoding the ryanodine-receptor subtypes 
showed that only the subtype 3 was expressed in rat ureteric 
myocytes, whereas all three subtypes were revealed in cerebellum 
(Figure 1B). Amplified products obtained with the primers 
designed to amplify the Ins(1,4,5)P,- or ryanodine-receptor 
subtypes displayed sizes and sequences (results not shown) 
corresponding to those of the cloned Ins(1,4,5)P,- or ryanodine- 
receptor subtypes. Scatchard analysis of PH]Ins(1,4,5)P, and 
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Figure 1 Expression of Ins(1,4,5)P, and ryanodine receptors in rat ureteric 
myocytes 

(A) Amplified DNA fragments of subtypes 1, 2 and 3 (R1—3) of Ins(1,4,5) E, receptors were 
separated on a 2% agarose gel and visualized by Staining with ethidium bromide using rat ureter 
and cerebellum RNA. Numbers on the left indicate molecular-size standards. (B) Amplified DNA 
fragments of isoforms 1, 2 and 3 of ryanodine receptors (RYR1—3) using rat ureter and 
cerebellum RNA. For RNA purification and PCR conditions, see the Experimental procedures 
ection. (C) Sp binding of [^H]Ins(1,4,5) P, and [*H]ryanodine to ureteric smooth-muscle 
membranes. Maxit binding capacity ) corresponding to the I ital number of binding sites 
(high-affinity sites for [^H]ryanodine high-af! nity plus low-affinity sites for ["H]Ins(1,4,5) E) 15 
the mean + S.E.M. of three experiments, each carried out in duplicate. The mean A, values for 
['H]ryanodine and [^H]Ins(1,4,5) P, (high-affinity and low-affinity) were 2.5, 5.3 and 207.5 nM 
respective 


['H]rvanodine binding on rat ureter membranes showed that the 
В... value corresponding to the total number of Ins(1.4.5) P,- 
binding sites (high-affinity plus low-affinity sites) was 1113 
+ 125 fmol/mg of protein (n = 3), whereas the В value 
corresponding to the total number of ryanodine-binding sites 
was 1094-21 fmol/mg of protein (n = 3; Figure 1C). Finally, 
Western-blot detection on samples of rat ureter and cerebellum 
(Figure 2A) revealed a similar molecular-mass band (= 240 
kDa) corresponding to the value reported previously for 
Ins(1.4,5) P, receptors [19]. These results indicate that rat ureteric 
myocytes possess mainly Ins(1.4,5)P, receptors. 
Immunodetection of Ins( 1.4.5) P, receptors in 0.5-,/m confocal 
sections from freshly dissociated ureteric myocytes was per- 
formed with the anti-[Ins( 1.4,5) P, receptor] antibody (used for 
protein detection) and the binding sites were revealed with FITC- 
conjugated secondary antibody. As illustrated in Figure 2(B), 
Ins(1.4,5) P, receptors appeared to be distributed in the whole 
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Figure 2 Immunological detection of Ins(1,4,5)P, receptors in rat ureteric 
myocytes 
A) Microsomes of ureter smooth muscle (200 ug) and cerebellum (100 wg) were separated 
by SDS/PAGE (7.5% 0 analyse М t with | 1.5) P.-rt 
antibody. Numbers on the left indicate molecular-mass standard: kDa). Myo, myosin; 5 
jal, #-galactosidase. (B) Immunolocalization of Ins(1,4,5) P, receptors. (а) A typical contoca 
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confocal section, with several marked spots of fluorescence 
localized near the plasma membrane and in the cytoplasm. 
Taken together, these results suggest that ureter smooth muscle 
can be a suitable model for studying Ca* signalling induced by 
Ins(1.4,5) P.-gated channels. 


Acetylcholine- and Ins(1,4,5)P,-induced localized ба?” signals 


Line-scan images of ureteric myocytes were obtained by scanning 
of a single line in a confocal section. Most of the scanned lines 
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Figure 3 Triggered and spontaneous Ca" -release signals in rat ureteric myocytes 


(A) Typical Ca^* response evoked by 1 иМ acetylcholine (ACh; horizontal bar) in physiological (1.7 mM Ca**) solution, shown as a line-scan image (а) and averaged fluorescence from a 2 
ит region (b), indicated-by the vertical bar оп the line-scan image. Myocytes were loaded with Fluo-3/AM and not patch-clamped. (B) Ca** responses evoked by a 9-J flash pulse in physiological 
solution, displayed as in (A), indicated by the vertical bar on the line-scan image. Myocytes were loaded with Fluo-3 and caged Ins(1,4,5) through the patch-pipette and held at — 50 mV. (C, 
D) Spontaneous Ca^* puff (C) and Ca^* spike (D), displayed as in (A), indicated by the vertical bar on the line-scan image in myocytes superfused with 10 mM Ca^* from 30 min Myocytes 
were loaded with Fluo-3/AM and not patch-clamped. External solution contained 10 ИМ ryanodine and 1 «М oxodipine. No change in fluorescence corresponds to a Fluo-3 ratio of 1. 


performed above the nucleus detected Ca?* signals, in agreement 
with immunostaining of Ins(1,4,5)P, receptors (Figure 2B). 
Experiments were performed in either voltage-clamped (holding 
potential, —50 mV) or non-voltage-clamped myocytes, in the 
continuous presence of | «М oxodipine (a light-stable dihydro- 
pyridine) to inhibit voltage-dependent Ca?' channels. Fluor- 
escence signals are expressed as a pseudo-ratio (F/F „„) and are 
depicted by a pseudocolour scale as indicated by the colour bars 
(see Figures 3 and 5, below). The basal [Ca**], level measured 
with the Indo-1 dye was 91+7 nM (л = 25). 

In non-voltage-clamped ureteric myocytes, applications of 
| „M acetylcholine induced localized and transient Ca?' signals 
that originated from | or 2 initiation sites in the line-scan images 
and appeared after a delay of 0.55 +0.01 s (n = 29; Figure ЗА). 
However, these signals showed some heterogeneity in amplitude, 
time course and spatial spread, even when they originated from 
the same site. The largest Ca*'-release events are characterized 
by a relatively rapid upstroke (with time-to-peak of 93.6 4- 9.7 ms, 
n — 10) followed by a decline, with a time to decay to half- 
maximal amplitude of 107.4 + 16.4 ms, and were restricted to a 
small area with full width at half-maximal amplitude (FWHM) 
of 1.89+0.23 ит. The peak amplitude of such events was 
1.13+0.16 (AF/F..... n = 10) and they appear generally similar to 
the Ca** puffs reported in non-excitable cells [6.7]. The smallest 


Ca*'-release events had a lower peak amplitude (AF/F,., = 
0.39+0.02, п = 19) and a more restricted spatial spread 
(1.03+0.07 ит). The kinetics of these events were more rapid 
than those of Ca** puffs, with time-to-peak and time at half- 
decay of 49.2 + 3.9 ms and 60.9 + 8.5 ms, respectively (n = 19). 
Such small events are unlikely to be due to out-of-focus Ca?’ 
puffs, since such out-of-focus Ca*' signals would exhibit a 
reduced amplitude and a slower time course [20], whereas the 
detected small events are generally much faster than the other 
localized Ca** events. 

Distributions of peak fluorescence, time-to-peak, time at half- 
decay and FWHM of 29 elementary Са?* signals obtained from 
11 different cells are illustrated in Figure 4. The broad range of 
amplitude, time-to-peak, time at half-decay and FWHM is 
consistent with the notion of a continuum of Ca*' puffs rather 
than a hierarchy of discrete amplitudes. This conclusion is also 
supported by the localization of Ca** events of different amplitude 
originating from the same site (Figure 3A). In addition, a 
noticeable variation was also observed in spatial spread (Figure 
4D). Such a variation in FWHM would be expected for Са? 
events that differed in amplitude, since a high-amplitude signal 
should have a larger spatial spread than a signal of lower 
amplitude, providing the Ca** buffering and sequestration 
mechanisms were equal for both events. As shown in Figure 4(D) 
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Figure 4 Characteristics of localized Ca’*-release signals evoked by low concentrations of acetylcholine 


(A) Amplitude histogram of 29 elementary Ca?* signals (from 11 different celis) stimulated by 1 uM acetylcholine Distribution of the time to reach peak Ca** signals (B), the tme to reach halt- 
decay (C) and the FWHM (0) for the same 29 elementary Са2+ signals Inset shows the correlation between amplitude of localized Са2+ signals and FWHM The linear regression coefficient (/2) 
was 0.72 Myocytes were loaded with Fluo-3/AM and not patch-clamped. External solution contained 1 4M oxodipine, 


(inset), such a relationship between amplitude and spatial spread 
could be observed, although the correlation was not high (r* = 
0.72). 

In voltage-clamped myocytes, photorelease from a caged 
Ins(1,4,5)P, precursor Бу UV-light flashes of low-intensity (9 J) 
evoked localized and transient Ca** events (Figure 3B) with 
variable amplitudes and time courses (n = 15), similar to those 
obtained with 1 4M acetylcholine. 


Spontaneous Ca** puffs In Ca’*-overloaded myocytes 


In accordance with previous data [21], the potency of muscle cells 
to generate spontaneous localized Ca** signals may depend on 
the Ca**-loading status. Superfusion of ureteric myocytes with 
10 mM [Ca**], (the external calcium concentration) for at least 
30 min resulted in a significant increase in the mean amphtude 
(AF/F....) of the Ca** responses evoked by 10 4M acetylcholine 
from 2.48 + 0.15 (n = 32) in normal (1.7 mM Ca**) physiological 
solution to 2:89 0.17 (n = 32) ın 10 mM [Ca**], suggesting a 
Ca** loading of the store. With a [Ca*'], of 1.7 mM, most 
ureteric myocytes had a steady-state [Ca?*], level and spontaneous 
Ca** signals were very scarce. With a [Ca*'], of 10 mM for at 
least 30 min, the basal [Ca**], level was not significantly affected 
(97+ 12 nM, n = 20) but discrete, spontaneous events occurred 
more frequently (Figure 3C). The majority of these localized 
Ca** events were not associated with Ca** waves. Occasionally, 
localized Ca** events appeared to spread and generate transient 
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Ca** spikes (Figure 3D). The peak amplitude of spon- 
taneous Ca** events was 1.24 0.20 (AF/E m n = 31). The time- 
to-peak, the half-time of decay and the FWHM were 110 +25, 
190+ 35 and 2.51+0.25 um, respectively (n = 31). Although 
Ca** overload appeared to slow the time course of the Са?+- 
signal decline and to increase slightly the FWHM, the kinetic 
parameters of the spontaneous Ca** events resembled those of 
Ca** puffs. The frequency of spontaneous Ca** puffs increased 
significantly from 0.03+0.01 puff:s! (n = 54) in control con- 
ditions to 0.31 +0.3 puff: s! (n = 31) in Ca**-loading conditions. 
These results show that ın muscle cells overloaded with Ca**, 
clustered 1ns(1,4,5)P, receptors may underlie spontaneous 
Ca** releases, as in non-excitable cells [22]. Spontaneous Ca** 
puffs were obtained in the continuous presence of 10 uM 
ryanodine and 1 2М oxodipine to inhibit ryanodine receptors 
and L-type Ca'* channels, respectively. In addition, in patch- 
clamped myocytes intracellular applications of 1 mg/ml heparin 
or 10 ug/ml anti-[Ins(1,4,5)P, receptor] antibody for 7-8 min 
suppressed any spontaneous Ca**-release signals (n = 12). 


Acetylcholine- and Ins{1,4,5)P,-Induced Ca^* waves 


It is proposed generally that the spatio-temporal summation of 
localized Ca** signals due to Ins(1,4,5)P,-receptor activation 
gives rise to the whole-cell increase in [Ca**],. Increases in the 
frequency or amplitude of localized Ca** signals, or spatial 
recruitment of additional initiation sites, have been reported to 
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Figure 5 Activation of propagated Ca?’ waves by high doses of acetylcholine (ACh) and high-intensity flash photolysis of caged Ins(1,4,5)P, 


(A) Line-scan image (а) in response to the continuous application of 10 М acetylcholine, as indicated by the horizontal bar. (b) Averaged fluorescence from three 2-jm regions (indicated by 
the vertical bars on the line-scan image). СТ, contro! [Ca**], threshold. (е) Spatial profiles (measured in 2-4um-wide areas indicated by coloured arrow heads) of the line-scan image shown in 
(A, a). In this myocyte, the Ca^* wave started at one site (site |, yellow trace) and then propagated through the entire line-scan image by recruiting neighbouring Ca**-release sites (sites |! and 
11). Myocytes were loaded with Fluo-3/AM and not patch-clamped. (B) Ca^* waves evoked by flash photolysis of caged Ins(1,4,5)A in voltage-clamped rat ureteric myocytes. (a) Line-scan image 
evoked by a high-intensity (60 J) flash pulse. (b) Averaged fluorescence from a 2-4m region indicated by the vertical bar on the line-scan image. (€) Compiled data showing the effects of the 
anti-Ins(1,4,5)A-receptor [anti-Ins(1,4,5) AR] antibody (Ab), applied intracellularly for 7—8 min. Data are means + S.E.M. with the number of experiments indicated in parentheses. ye, Values 
significantly different from those obtained under control conditions (P < 0.05). Myocytes were loaded with Fluo-3 and caged Ins(1 4.5)A through the patch-pipette and held at — 50 mV. Externa 


solution contained 1 aM oxodipine. No change in fluorescence corresponds to a Fluo-3 ratio of 1 


+ 


be necessary for triggering propagated Ca** waves [23]. In all the 
cells tested (n = 16), we never observed increases in frequency or 
amplitude of Ca** puffs in response to 10 «М acetylcholine, 
which were able to initiate propagated Са?” waves. In contrast, 
propagated Са?’ waves appeared from a first initiation site that 
progressively recruited neighbouring initiation sites by Са? 
diffusion (Figure 5A). The delay between application of acetyl- 
choline and the onset of the Ca** wave was estimated to be 
0.50+0.01 s (n = 16). The mean amplitude (AF/£F...) and the 
mean overall wave velocity of the acetylcholine-evoked Ca?’ 
waves were 2.56+0.25 and 38 +3 m/s (n = 16), respectively. 
The propagation velocity of Ca** waves depends on the distance 
between Ca**-release sites as well as their Са?” sensitivity and the 
amount of Са?” released. As shown in Figure S(Ab), recordings 
of localized fluorescence signals at release sites activated during 
Ca** wave propagation showed an initial slow Ca” elevation 
preceding an abrupt rise. This is consistent with the triggering of 
regenerative Са?’ release by an early rise in [Ca*?'], resulting from 
summation of localized Ca** signals or from Ca** ions diffusing 
from neighbouring active sites. Fluorescence analysis in the 
spatial domain at different times during the onset of the Са? 
wave (Figure 5Ас) revealed clearly the recruitment of neigh- 
bouring Ca**-release sites from the early initiation site (site I in 


Figure 5Ac). The mean number of initiation sites per line-scan 
image was 2.4+ 0.4 (n = 16). 

Photorelease of caged Ins(1,4,5) P, by high-intensity (30—60 J) 
flash pulses evoked large Ca** responses that started either from 
a simultaneous increase in [Ca*'], in the scanned line or from ап 
initiation site leading to activation of a propagating wave (Figure 
5B). The mean amplitudes (AF/F....) of the Ins(1.4,5) P,- and 
acetylcholine-evoked Ca** waves in voltage-clamped myocytes 
were 2.32 +0.11 and 2.48 +0.31 (n = 7), respectively. 

To identify the molecular nature of the Ca*'-release channels 
involved in both Ins(1,4,5) P,- and acetylcholine-induced Са?' 
signals, we tested the effects of Ins(1.4.5)P,- and ryanodine- 
receptor inhibitors. Intracellular infusion of | mg/ml heparin for 
7-8 min through the patch-pipette suppressed both Ins(1,4.5) P,- 
and acetylcholine-induced Ca?* waves (л = 5; results not shown). 
Similarly, intracellular application of the anti-Ins(1,4,5)P,-re- 
ceptor antibody for 7-8 min inhibited in a concentration-de- 
pendent manner the Ca** responses evoked by flash photolysis of 
caged Ins(1,4,5) P, (Figure 5Bc) or application of 10 “М acetyl- 
choline (Figure 6A). This antibody-induced inhibition was 
specific, in as much as boiled (95 °С for 30 min) anti-Ins(1,4,5) 
P.-receptor antibody had no significant effect on both 
Ins(1,4,5)P,-and acetylcholine-activated Са?” responses (Figures 
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Figure 6 Effects of Inhibitors of Ins(1,4,5)P, and ryanodine receptors on the 
acetyichotine-Induced Ca** waves in voltaga-clamped myocytes 


(A) Compiled data showing the effects of Increasing concentrabons of ant-Ins(1,4,5)4 recaptor 
[ant-Ins(1,4,5) BR] antibody (Ab) and of 10 g/ml bowled antibody, applied intracellularly for 
7—8 min on 10 uM acetyicholineinduced Ca?* waves In ureteric myocytes (B) Compiled data 
showing the effect of 10 uM ryanodine (applied externally for 15-17 min) on 10 uM 
acetylcholine-Induced Ca?* waves In ureteric myocytes The fluorescence was measured either 
In the entire line-scan image (E) or in a localized 2-zm region of the line-scan image (L). (0) 
Compiled data showing the effect of 10 ug/ml anteryanodine receptor (anti-RyR) antibody, 
applied intracellularly for 7—8 min on 10 uM acetylcholine-induced Ca^* waves In uretenc and 
portal-vein myocytes Data are means -E- SEM with tha number of cells tested indicated in 
parentheses yk, Values significantly different from those obtained under control conditions (Р 
< 0.05). Holding potential was —50 mV External solution contained 1 4M oxodipine, No 
change in fluorescence corresponds to a Auo-3 ratio of 1. C, control. 


5Bc and 6A). In vascular myocytes, extracellular applications of 
10 uM ryanodine have been shown to inhibit ryanodine receptors 
without depleting the internal Ca?* store in a manner similar to 
that induced by an anti-ryanodine-receptor antibody [24]. Appli- 
cation of 104M ryanodine for 15-17 min in non-voltage- 
clamped ureteric myocytes had no significant effect on the 
amplitude of acetylcholine-induced global Ca** waves, measured 
in a 2-дт region or in the entire line-scan image (Figure 6B). 
Similarly, intracellular applications of 10 ug/ml anti-ryanodine- 
receptor antibody for 7—8 min did not affect the acetylcholine- 
induced Ca^ wave (Figure 6C) as well as the Ins(1,4,5) 
P,-induced Ca** response in ureteric myocytes. In contrast, in 
portal-vein myocytes, the acetylcholine-induced Ca** wave was 
decreased by about 60 % in the presence of 10 ug/ml of the same 
anti-ryanodine-receptor antibody (Figure 6C), in good agreement 
with previous data obtained from noradrenaline-induced Ca** 
response [24]. It is noteworthy that 10 4M _ anti-Ins(1,4,5)P,- 
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receptor antibody suppressed the Ca** puffs evoked by low 
concentrations of acetylcholine or Ins(1,4,5) P, using low-intensity 
flashes, in all the cells tested (n = 12). In contrast, 10 uM 
anti-ryanodine-receptor antibody was ineffective on Ca** puffs 
(n = 9). 


DISCUSSION 


This study describes for the first time in smooth-muscle cells the 
localized and transient Ca** events (Ca?* puffs) evoked by 
Ins(1,4,5) P,-gated channels in response to low concentrations 
of Ins(1,4,5) P, either released from caged Ins(1,4,5)P, or produced 
by low doses of acetylcholine. In addition, spontaneous Ca** 
puffs were detected frequently in myocytes overloaded wnth 
Ca**. At high concentrations of Ins(1,4,5)P, or acetylcholine, 
recruitment of several localized Ca** signals generates Ca** 
waves that appear to propagate between several Са?*-геіеаѕе 
sites in the scanned line. The functional results are supported 
by both binding and immunochemical data showing that 
Ins(1,4,5)P, receptors are highly expressed when compared with 
ryanodine receptors and that spots of Ins(1,4,5)P, receptors are 
detected in several areas of the cell confocal sections. 

In rat ureteric myocytes, immunodetection of Ins(1,4,5)P, 
receptors in cell confocal sections showed that spots of 
Ins(1,4,5)P, receptors were detected in several areas in addition 
to an homogeneous distribution in the whole confocal sections. 
This observation is in good agreement with the fact that 
Ins(1,4,5)P, receptors are highly expressed in these smooth- 
muscle cells, as supported by binding experiments. The maximal 
binding capacity of PH]Ins(1,4,5)P, to ureteric microsomal 
preparations is 10-12 times higher than that of [?H]ryanodine. 
The reverse-transcriptase PCR analysis showed that the RNAs 
encoding the three subtypes of the Ins(1,4,5)P, receptor and 
subtype 3 of the ryanodine receptor were detected in rat ureteric 
myocytes. However, binding experiments revealed that tbe level 
of expression of ryanodine-receptor subtype 3 was very low in 
these cells. This low expression level together with the fact that 
ryanodine-receptor subtype 3 is less sensitive to Ca?*-induced 
channel activation than the other ryanodine-receptor subtypes 
[25] may explain why ryanodine and the anti-ryanodine-receptor 
antibody do not affect both localized and global Ca** signals 
evoked by flash photolysis of caged Ins(1,4,5)P, and acetyl- 
choline. This is in contrast with results obtained in vascular 
myocytes, where both ryanodine and the anti-ryanodine-receptor 
antibody inhibit the Ca** responses evoked by noradrenaline [24] 
or acetylcholine (the present study). However, in vascular myo- 
cytes the density of ryanodine receptors is 3—4 times higher than 
that of Ins(1,4,5) P, receptors [24]. Taken together, these results 
indicate that ın rat ureteric myocytes the Ca** responses to 
photorelease of Ins(1,4,5)P, and acetylcholine depend only on 
activation of Ins(1,4,5)P, receptors, in agreement with previous 
contraction experiments and [Ca**], measurements in intact and 
permeabilized rat ureteric strips [10,11]. Accordingly, both 
Ins(1,4,5) ,- and acetylcholine-evoked Ca** signals were blocked 
by heparin and by an anti-Ins(1,4,5) P,-receptor antibody, which 
recognized in Western-blot analysis a molecular-mass band of 
about 240 kDa їп rat ureter and cerebellum, but were unaffected 
by high concentrations of ryanodine and by an anti-ryanodine- 
receptor antibody. 

The spatio-temporal characteristics of Ca** puffs evoked by 
photorelease of Ins(1,4,5)P, or low concentrations of acetyl- 
choline were relatively variable, suggesting that they are not 
stereotypic. Therefore, the variable amplitude of Ca®* puffs may 
depend on the number and organization of the Ins(1,4,5)P, 
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receptors in the local volume as well as the local state of Ca** 
loading in the sarcoplasmic reticulum. Our results are compatible 
with a model where Ins(1,4,5) P,-gated Ca** channels would exist 
in clusters containing variable numbers of channels and that 
within these clusters a variable number of channels could be 
recruited. À similar explanation has been proposed recently in 
non-excitable cells to account for hormone-evoked elementary 
Ca?* signals [20,26]. In addition, successive activation of a given 
cluster of Ins(1,4,5) P, receptors may decrease the amount of Ca** 
locally available in this area of the sarcoplasmic reticulum and 
modify the amplitude of localized Ca** signals. It has been also 
proposed that the gating properties of Ins(1,4,5) P,-gated channels 
may influence the amplitude and time course of Ca?* events. An 
interesting possibility is that the individual clusters may be 
composed with different subtypes of Ins(1,4,5)P, receptors, which 
may have different sensitivity for Ca**-dependent modulation 
[27]. For example, subtype 3 of the Ins(1,4,5) P, receptor does not 
exhibit a Ca?*-dependent inhibition, whereas subtype 1 shows a 
bell-shaped dependence on [Ca**], [27,28]. Another possibility is 
that the gating of Ins(1,4,5)P, receptors may depend on the 
luminal Ca** concentration which may, in turn, regulate their 
sensitivity to Ins(1,4,5) P, [22,29]. In agreement with this proposal 
is the observation of spontaneous Ca** puffs and spikes in 
ureteric myocytes overloaded with 10 mM Ca** for 30 min. 
Spontaneous Ca** release from Ins(1,4,5) P,-sensitive Ca** stores 
has been reported previously from permeabilized hepatocytes 
overloaded with Ca** [22]. To our knowledge, spontaneous Ca** 
puffs have never been described in intact cells at a basal 
Ins(1,4,5)P, level. The possibility that spontaneous Ca?* puffs 
may activate various membrane conductances, as shown for 
Ca" sparks [4,5], is under investigation. It has been shown 
recently that co-expression of Ins(1,4,5)P,-receptor subtypes 1 
and 2 facilitates Ca** oscillations, whereas expression of 
Ins(1,4,5)P,-receptor subtype 3 alone generates monophasic Ca** 
transients [30]. Since Ins(1,4,5) P,-receptor subtypes 1 and 2 are 
more sensitive to Ins(1,4,5) P, and Ca** [30], it can be postulated 
that they are required for spontaneous Ca** puffs. In contrast, 


the Ins(1,4,5) P,-receptor subtype 3 is activated by higher [Ca**], ` 


and may participate in the acetylcholine-induced Ca** wave. 
Further experiments are needed to identify the expression pattern 
of Ins(1,4,5) P,-receptor subtypes in ureteric myocytes and their 
specific roles in Ca** signalling. 

As illustrated in Figure 5, Ca** waves propagate throughout 
ureteric myocytes by alternating between regeneration at several 
Ca*'-release sites along the scanned line and Ca** diffusion 
between these release sites. In HeLa cells and Xenopus oocytes, 
Ca?* wave activation has been associated with an increased 
frequency of elementary Ca?* events at a single site, with an 
increased amplitude of Ca** events or with the recruitment of 
Ca**-release sites in the spatial domain [23,31]. In ureteric 
myocytes, Ca*t waves were triggered by activation of an initiation 
site, frequently located at the edge of the cell, without any 
detectable increase in frequency or amplitude of preceding Ca** 
puffs. Diffusion of Ca** from this early initiation site activated 
neighbouring Ca**-release sites in the scanned lines, and this may 
account for wave-propagation velocity in ureteric myocytes. The 
notion that a sub-threshold pacemaker elevation of [Ca*'], 
precedes regenerative Ca** waves is not new [32], but our results 
emphasize further the importance of the pacemaker Ca** phase 
in cells expressing mainly Ins(1,4,5)P, receptors. 

Visceral and vascular smooth muscles display a large variability 
in the type of intracellular Ca?* store and in the role of these 
stores in initiating 1ncrease in [Ca**], in response to mediators 
and hormones. Rat portal-vein myocytes possess a single func- 
tional intracellular Ca** store on which both ryanodine and 
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Ins(1,4,5)P, receptors have been identified [9]. However, in these 
cells, only clusters of ryanodine receptors are present whereas 
Ins(1,4,5)P, receptors are distributed homogeneously on the 
sarcoplasmic reticulum, and the B,,, value of PH]ryanodine 
binding is 3—4 times higher than that of [?H]Ins(1,4,5) P, binding 
[24]. A physiological consequence is that a co-operativity between 
Ins(1,4,5) ,- and ryanodine-sensitive Ca** channels is detected in 
these vascular myocytes to amplify Ca** release responsible for 
fast propagated Ca?* waves in response to neuromediators [24]. 
In rat mesenteric artery myocytes, it has been proposed that Ca** 
stores are organized into small, spatially distinct compartments 
[33]. When these compartments possess only ryanodine or 
Ins(1,4,5) P, receptors, they function as separate Ca** stores and 
neuromediators may only activate the Ins(1,4,5)P,-sensitive Са?+ 
store. In contrast, when the compartments possess both 
ryanodine and Ins(1,4,5)P, receptors, they function as mixed 
Ca!* stores and a co-operativity between Ins(1,4,5)P, and 
ryanodine receptors may be effective. In rat ureteric smooth 
muscle, as a consequence of the high expression of Ins(1,4,5)P, 
receptors and the absence of subtypes | and 2 of ryanodine recep- 
tors, Ca** release from the intracellular store is only activated 
by Ins(1,4,5)P, receptors and the amplifying mechanism is a pure 
Ins(1,4,5)P,-induced Ca** release. In contrast, ın guinea-pig 
ureter, the amplifying mechanism is described as dependent only 
on Ca*-induced Ca** release [11]. It can be proposed that in 
phasic smooth muscles showing electrical pacemaker activity, the 
Ca?*-induced Ca**-release mechanism may play a major role in 
modulating contraction and cell excitability, whereas in tonic 
smooth muscles the Ins(1,4,5)P,-induced Ca**-release mechanism 
predominantly controls Ca? release and contraction. Taken 
together, these data illustrate the variability of intracellular Ca” 
stores and Ca**-amplifying mechanisms in different cell types 
expressing different amounts of Ins(1,4,5)P, and ryanodine 
receptors. The results emphasize the importance of combining 
molecular experiments, immunostaining and functional ap- 
proaches to identify the specific characteristics of Са?+ signalling 


_ in each cell type studied. 


In conclusion, these findings show that in rat ureteric smooth- 
muscle cells localized and transient Ca** events induced by the 
opening of clusters of Ins(1,4,5) P,-sensitive Ca**-release channels 
can be triggered ın response to neuromediator activation or 
recorded spontaneously in Ca**-overloaded myocytes. They 
represent a continuum of Ca** signals with variable amplitude, 
duration and diffusion rather than a strict hierarchy of Ca** 
events. Propagated Ca** waves appear to result from the spatial 
recruitment of several Ca*'-release sites by Ca** diffusion. Both 
Ca?* signals provide an integrated mechanism to regulate con- 
tractility in smooth-muscle cells where ryanodine receptors are 
not or are poorly expressed. i | 
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Molecular modelling and site-directed mutagenesis of the inositol 
1,3,4,5-tetrakisphosphate-bindlng pleckstrin homology domain from the 
Ras GTPase-activating protein GAP 1!P45P 


Gyles COZIER, Richard SESSIONS, Joanna R. BOTTOMLEY, Jon S. REYNOLDS and Peter J. CULLEN' 
Department of Biochemistry, School of Medical Sciences, University of Bristol, Bristol BS8 1TD, UK 


САРІ! js a Ras GTPase-activating protein (GAP) that in 
vitro is regulated by the cytosolic second messenger inositol 
1,3,4,5-tetrakisphosphate [Ins(1,3,4,5)P,]. We have studied 
Ins(1,3,4,5)P, binding to GAP1''*5*, and shown that the inositol 
phosphate specificity and binding affinity are similar to 
1ns(1,3,4,5)P, binding to Bruton's tyrosine kinase (Btk), evidence 
which suggests a similar mechanism for Ins(1,3,4,5)P, binding. 
The crystal structure of the Btk pleckstrin homology (PH) 
domain in complex with Ins(1,3,4,5)P, has shown that the binding 
site is located in a partially buried pocket between the 1 /82- and 
f3/ f4-loops. Many of the residues involved in the binding are 
conserved in GAP1™*?, Therefore we generated a model of the 


PH domain of GAP1™*®? in complex with Ins(1,3,4,5)P, based 
on the Btk-Ins(1,3,4,5)P, complex crystal structure. This model 
had the typical PH domain fold, with the proposed binding site 
modelling well on the Btk structure. The model has been verified 
by site-directed mutagenesis of various residues in and around 
the proposed binding site. These mutations have markedly 
reduced affinity for Ins(1,3,4,5)P,, indicating a specific and tight 
fit for the substrate. The model can also be used to explain the 
specificity of inositol phosphate binding. 


Key words: GAP, GTPase-activating protein, PIP,, PH domain, 
Ras. 





INTRODUCTION 


Pleckstrin homology (PH) domains are independent protein 
modules of approximately 120 amino acids that were initially 
identified as regions of weak sequence similarity repeated in 
pleckstrin [1,2]. Subsequently more than 100 different PH 
domain-containing proteins have been identified, many of which 
are involved in intracellular signalling. These include protein 
kinases [Bruton’s tyrosine kinase (Btk), f-adrenergic recep- 
tor kinase (ARK), protein kinase B and phosphomositide- 
dependent kinase-1], all phospholipase C (PLC) isoforms, the 
insulin receptor substrates (IRS-1 and -2), the phosphoinositide 
3-kinase p110y subunit, ADP-ribosylation factor (ARF) guanine 
nucleotide exchange factors, general receptor for phospho- 
inositides-1 (GRP1), cytohesin-1 and ARF nucleotide-binding 
site opener (ARNO) and the dynamin GTPase [3—5]. 

Recently our appreciation of PH domains has dramatically 
increased following the observation that certain PH domains 
contain specific binding sites for various phosphoinositides. For 
example, the PH domains of both PLC-é, and -spectrin 
specifically bind PtdIns(4,5)P, and its soluble inositol head 
group Ins(1,4,5)P,, albeit with distinct affinities (K, of PLC-é, for 
Ins(1,4,5)P, is 210 nM; К, of -spectrin for Ins(1,4,5)P, is 40 uM 
[6—9]). In the case of the PH domain from PLC-4,, its ability to 
bind PtdIns(4,5)P, results in the targeting of this protein to the 
plasma membrane [10]. Interestingly, since PLC-é, hydrolyses 
PtdIns(4,5)P, to generate Ins(1,4,5)P,, the im vivo membrane 
localization of PLC-3, appears to be a reversible process governed 
by whether the PH domain is bound to PtdIns(4,5)P, or 


Ins(1,4,5)P, [11,12]. 


In contrast, the PH domain from Btk specifically binds 
PtdIns(3,4,5)P, and its corresponding soluble inositol head 
group, Ins(1,3,4,5)P, [13,14]. Jn vivo this PtdIns(3,4,5)P,-binding 
results in the PH domain-dependent recruitment of Btk from the 
cytosol to the plasma-membrane following agonist stimulation 
[15]. A similar plasma-membrane recruitment has also been 
described for the PtdIns(3,4,5)P,/Ins(1,3,4,5)P,-binding PH 
domains from the ARF-exchange factors GRP1, cytohesin-1 and 
ARNO, and the Ras GTPase-activating protein GAP1™ ([16,17] 
and references therein). It is unclear, however, whether in a 
manner analogous to that of PLC-4,, the plasma-membrane 
association of these proteins is regulated by the interaction of 
their PH domains with either plasma-membrane PtdIns(3,4,5)P, 
or cytosolic Ins(1,3,4,5)P,. 

GAP1™ is a member of the САРІ family of Ras GTPase- 
activating proteins (GAPs), which also contains САР1!°8° and 
Ras GTPase-activating-like ( RASAL’) (reviewed in [18] and see 
19). As with Btk, both GAP1®® and САРІ” contain C-terminal 
Ins(1,3,4,5)P,-binding PH domains [20—22]; however, in contrast 
with САРІ”, the available data suggest that the function of 
GAPI'P9* may be regulated not by PtdIns(3,4,5)P, but by 
Ins(1,3,4,5)P,. For example, GAPI™*®? is predominantly a 
plasma-membrane-localized protein [21,23,24] which, from in 
vitro plasma-membrane-based liposomes assays, appears unable 
to function as a Ras GAP unless Ins(1,3,4,5)P, is present [25]. 
Importantly, the ability of Ins(1,3,4,5)P, to regulate the Ras 
GAP activity of GAP1®® is not affected by the presence of 
PtdIns(3,4,5)P, [25]. Furthermore, there is compelling evidence 
that GAPI''*?* is involved in what is now a well-established 
phenomenon whereby Ins(1,3,4,5)P, influences Ca** mobilization 


Abbreviations used ARF, ADP-ribosylation factor, ARNO, ARF nucleotide-binding site opener, J-ARK, f-adrenergic receptor kinase; Btk, Bruton's 
tyrosine kinase; GAP, GTPase-activating protein, GRP1, general receptor for phosphoinositides-1, GST, glutathione S-transferase, PH, pleckstrin 
homology, PLC, phospholipase C; SOS1, son-of-sevenless 1, 3-D, three-dimensional. 

1 To whom correpondence should be addressed (e-mall Pete Cullen(g bristol ac uk) 
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induced by Ins(1,4,5)P, in permeabilized L-1210 cells [26,27]. 
Together these data suggest that САРІ" may function m 
vivo as an unique receptor for Ins(1,3,4,5)P, rather than 
PtdIns(3,4,5)P,. 

The three-dimensional (3-D) structures of PH domains from 
seven different proteins have so far been determined, namely 
those from pleckstrin [28], P-spectrin [9,29,30], dynamin [31—34], 
PLC-2, [7], son-of-sevenless 1 (SOS1) [35,36], Btk [37,38] and £- 
ARK [39]. Despite sharing sequence identity which averages only 
10—20 %, all of these structures share the same overall topology, 
i.e. seven f-strands arranged in two almost orthogonal f-sheets 
(81-64 and 25-87) capped on one side by a C-terminal a-helix. 
Each of these structures contain clusters of lysine and arginine 
residues that form a positively-charged surface, which interacts 
with the negatively-charged phosphate groups of their respective 
phosphoinositide ligands The precise manner of phospho- 
inositide binding has only been inferred from crystal structures 
of Ins(1,4,5)P, bound to the PH domains of f-spectrin [9] and 
РС-д, [7], and of Ins(1,3,4,5)P, bound to the PH domain of 
Btk [38]. Intriguingly whereas the Ins(1,4,5)P,-binding site in £- 
spectrin comprises the £1/f2- and £5/f6-loops, the PLC-é, PH 
domain binds Ins(1,4,5)P, through residues from the 81/22- and 
f3/f4-loops. From studies using NMR the ligand binding 
described for РС-д, appears to also be present in the PH 
domains from dynamin [40,41] and SOS1 [35], and has also been 
loosely characterized on the N-terminal pleckstrin and J-ARK 
PH domains [42,43] A 3-D structure of the ligand-free R28C 
mutant of the Btk PH domain has been described, and mutational 
analysis has suggested an analogous phosphoinositide-binding 
site to that of PLC-2, [37,41]. This has recently been confirmed 
by the structure of the wild-type Btk PH. domain being solved 
in complex with Ins(1,3,4,5)P, [38]. Interestingly, although 
the Ins(1,3,4,5)P, is bound in an equivalent binding pocket to 
Ins(1,4,5)P, in PLC-4, it is in a different orientation, being 
rotated 180 ° about the P1—P4 axis [38]. 

In the present study we have compared, in detail, the binding 
of Ins(1,3,4,5)P, to the PH domains of Btk and GAPI!F*9?, This 
has established that these proteins bind Ins(1,3,4,5)P, with similar 
affinities and importantly almost identical specificities, evidence 
which suggests a similar mechanism of Ins(1,3,4,5)P,-binding. 
Therefore we have used the 3-D structure of Btk in complex 
with Ins(1,3,4,5)P, to obtain a molecular model describing the 
Ins(1,3,4,5)P,-binding site within the САР1'”*8 PH domain. 
This model, which has been verified through the analysis of a 
number of site-directed mutants, explains the molecular nature 
of the high-affinity isomer-specific binding of Ins(1,3,4,5)P, to 
G AP] 42? 


EXPERIMENTAL 
Expression and purification of GAP1**** and GAP1'** mutants 


Both wild-type and mutagenic glutathione S-transferase (GST)- 
САРІ! fusion proteins were isolated as follows. An overnight 
20 ml culture was used to inoculate four 2.5 I conical flasks, each 
containing 500 ml of Luria-Bertani broth, 50 ug/ml ampicillin 
and 25 ug/ml kanamycin. The cells were cultured at 25 °C until 
Dogo. reached 0.6. Protein expression was then induced by the 
addition of 0.1 mM isopropyl f-p-thiogalactoside, followed 
by a further 4 h incubation prior to harvesting the bacteria by 
centrifugation (3000 g for 10 min at 4 °C). All of the subsequent 
steps were carried out at 4°C. The bacterial pellet was 
gently resuspended in 40 m] of PBS buffer (pH 7 2), containing 
] mM EDTA, 1 mM EGTA, 1 mM f-mercaptoethanol and 
0.1 mM PMSF, and sonicated for 3 periods of 15 s, with 3 min 
on ice between each sonication Triton X-100 [1% (v/v), final 
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concentration] was added and the suspension was left stirring for 
45 min on ке prior to the addition of lysozyme (2 mg/ml, final 
concentration). This was incubated for a further 15 min, before 
cell debris was removed by centrifugation (36000 g for 30 min). 
The supernatant was removed and 2 ml of a 1:1 suspension of 
glutathione-agarose beads (washed and pre-swollen with several 
volumes of PBS buffer) was added and incubated on a rotating 
wheel overnight. The beads were pelleted by centrifugation and 
washed sequentially with 3x20 ml of PBS containing 0.195 
(v/v) Triton X-100, followed by 75 mM Tris/HCl (pH 8.0) 
containing 0.1% (v/v) Tnton X-100 and 500 mM NaCl. The 
beads were finally washed with 4 x 20 ml of PBS. The GST fusion 
protein was liberated by eluting with 3 x 1 ml of 75 mM Tris/HCl 
(pH 8.0), 1 M NaCl, 0.5 % (w/v) CHAPS and 20 mM glutathione 
at room temperature over the course of 1 h. The eluants were 
pooled and concentrated using a Centricon apparatus (Amicon, 
Conneticut, MA, U.S.A.) 


Site-directed mutagenesis of the GAP1'^* PH domain 


This was performed as previously described [21,22] using the 
Transformer КІ (ClonTech Laboratories, Basingstoke, Hants., 
U.K.) and pCIneo-GAP1"**? as the template. Primers used were 
as follows: K585R, S'-GAAGGGTTCATGATCAGGAGGG- 
CCCAAGGACGG-3’; A587F, S'-TTCATGATCAAGAGGT- 
TCCAAGGACGGAAGCGC-3’; N597D, S'-TTTGGGATGA- 
AGGATTTTAAGAAGAGATGG-3’; F598Q, 5'-TTTGGGA- 
ТСААСААТСАСААСААСАСАТССТТТС-3'; R601K, FY- 
GATGAAGAATTTTAAGAAGAAGTGGTTTCGTTTGAC- 
CAAC-3’; R601C, 5-GATGAAGAATTTTAAGAAGTGCT- 
GGTTTCGTTTGACCAAC-3’; K614E, 5’-GAATTTACCTA- 
CCACGAAAGCAAAGGGGACCAG-3’; W668F, 5’-GTGG- 
AGGCCAAGGACTITATCGACATTCTCACC-3. In each 
case the underlined codon describes the particular mutation. 


[*P]Ins(1,3,4,5)P,-bindIng assays 


The binding of radiolabelled Ins(1,3,4,5)P, was performed as 
previously described [21]. An individual binding assay contained 
100 mM KCl, 20mM NaCl, 1mM EDTA, 30000 d.p.m. 
of [**P]Ins(1,3,4,5)P, (prepared as in [21]), 0.5 ug of GST fusion 
protein and various concentrations of competing unlabelled 
inositol phosphates in 10 mM Hepes/NaOH (pH 7.0) buffer, to 
a final volume of 0.5 ml. Equilibrium binding was achieved by a 
15 min incubation at 4 ?C, after which the receptor complex was 
precipitated by the addition of 100 ul of 5 mg/ml y-globulin and 
] ml of 25% (w/v) poly(ethylene glycol) in Hepes/NaOH buffer 
(pH 7.0) containing 100 mM KCl, 20mM NaCl and 1 mM 
EDTA and incubated at 4°C for 10 min. The precipitated 
proteins were pelleted by centrifugation (21000 g for 10 min) and 
washed with ice-cold water prior to counting. Non-specific 
binding was defined as the binding remaining in the presence of 
10 uM unlabelled Ins(1,3,4,5)P,. 


f 


Molecular modelling 


All analysis and modelling of the PH domains was performed 
using the program packages Quanta/CHARMm and InsightlII. 
The alignment of PLC-2, and Btk was structure-based, with the 
САРІ? PH domain being aligned by sequence, initially using 

Omiga and then refined by hand where necessary. Any insertions - 
or deletions 1n the aligned sequences were, where possible, 
introduced in the loop regions, rather than in the f-sheet or a- 
helical regions. The backbone co-ordinates of aligned residues, 
and the side-chain co-ordinates of the identical amino acids, in 
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-Btk were then mapped to the equivalent amino acids in the 
model. Where insertions or deletions occurred in the sequence 
that was being modelled, a fragment database [43] was used to 
search for short sequences that overlapped with the structure 
either side of the unknown region and which contained the same 
number of residues. The best-fit fragment was then used in 
the model structure. After defining the backbone co-ordinates the 
validity of the emerging structure was assessed using the Protein 
Health module in Quanta. The irregularities identified were 
either re-modelled manually or by re-using the fragment data- 
base. The non-identical amino acids were modelled in their most 
likely rotameric form and major side-chain clashes were removed 
manually. 

To form the binding site, the Ins(1,3,4,5)P, was positioned in 
the same position and orientation as observed in the Btk- 
Ins(1,3,4,5)P, complex.- Conserved residues in the binding site 
were fixed so as to retain the interactions with Ins(1,3,4,5)P,, 
and other side chains were manually positioned to maximize 
interactions and minimize steric hindrance. The InsightII Disc- 
over program was then used to perform an energy minimization 
using a SA (1 À = 0.1 nm) layer of water and applying con- 
straints to preserve the basic backbone structure as copied from 
Btk [the backbone constraints were 100 kcal/A* for 200 iter- 
ations, 50kcal/À* for 200 iterations, 20 kcal/A* for 200 
iterations, 5 kcal/À? for 500 iterations, 0.5 kcal/À1 for 500 iter- 
ations and 0 kcal/À?* for 4000 iterations (1 cal = 4.184 J)]. The 
automatic parameter function of Insight was used to assign 
force-field parameters to the Ins(1,3,4,5)P, molecule, and 
these were checked to ensure that appropriate potentials were 
used. The final structure was checked for abnormalities and 1n- 
consistencies using the Protein Health option 1n Quanta. 


Materials 


Inositol phosphates were generously given by Professor Robin 
Irvine (Department of Pharmacology, University of Cambridge, 
U.K.), Professor Barry Potter (Department of Pharmacology, 
University of Bath, U.K.) and Dr Young-Tae Chang (De- 
partment of Chemistry, Pohang University of Science and 
Technology, Pohang 790-784, South Korea). 


RESULTS 


Analysis of the affinity and Inositol phosphate specificity of 
[*P]Ins(1,3,4,5)P,-binding to the PH domains from Btk and 
GAP 1" 


Table 1 describes the affinity and inositol phosphate specificity of 
Ins(1,3,4,5)P,-binding to the PH domain of recombinant 
САРІ'*8? From these experiments the following were readily 
apparent. Firstly, p/t-Ins(1,3,4,5)P, was half as potent as D- 
Ins(1,3,4,5)P,, consistent with L-Ins(1,3,4,5)P, being weaker than 
the D-isomer. Secondly, any inositol tetrakisphosphate with a 
phosphate on the 2-axial position was essentially inactive 


Thirdly, there was some tolerance for a 6-phosphate [Ins- ` 


(1,3,4,5,6)P, compared with Ins(1,3,4,5)P,], and a 1-phosphate 
considerably strengthened binding {Ins(3,4,5,6)P, compared 
with Ins(1,3,4,5,6)P, [44] and also Ins(3,4,5)P, compared with 
Ins(1,3,4,5)P, [45р. Finally, both a 3-, 4- and 5-phosphate were 
essential [Ins(1,4,5)P, compared with Ins(1,3,4,5)P,, Ins(1,3,5)P, 
compared with Ins(1,3,4,5)P,, and Ins(1,3,4)P, compared with 
Ins(1,3,4,5)P,], although addition of a 6-phosphate slightly 
increased the binding affinity [Ins(1,4,5)P, compared with 
Ins(1,4,5,6)P,]. Thus the Ins(1,3,4,5)P,-binding site within 
GAP] #8? primarily recognized the 1-, 3-, 4- and 5-phosphates, 


Table 1 Comparison of the affinity and inositol phosphate specificity of the 
Ins(1,3,4,5)P, binding sites present within the PH domains of ВАРТЕ and 
Btk 


["Plins(1,3,4,5)P,-binding was performed as described in the Expenmental section In each 
case IC, values (means + S E M.) were obtained from three individual experiments performed 


on distinct protein preparations. nd., not determmed 


ICs, (nM) 
Inositol phosphate GST—Btk PH domain GST-GAP1F4* 
p-Ins(1,3,4,5)P, 57234 1134-32 
n/L-Ins(1,2,4,5)P, 4572 +321 2231 +112 
D/L-Ins(1,2,4,6)P, 2874+129 1086 -+ 56 1 
Ins(1,2,3,5)P, > 10000 > 5000 
Ins(1,3,4,6)P, > 10000 2793 -+ 231 
Ins(2.4,5,6)P, > 10000 2658 4- 321 
v/t-Ins(1,2,5,6)P, > 10000 5000 
o/L-Ins(1,2,3,4)P, > 10000 5000 
0/1-115(1,4,5,6)Р, 3212 + 235 632 9 -+ 189 
o/L-Ins(t,3,4,5)P, 924-94 264 3-91 
p-Ins(1,4,5)P, > 10000 > 5000 
p-Ins(1,3,4)P. > 10000 > 5000 
p-Ins(1,3,5)P, nd 1000 
p-Ins(1,3,5,6)P, [= t-Ins(1,3,4,5)P,] nd 9863+91 
p-Ins(1,3,4,5,8)P.. 44934143 850445 
InsP, 8332+157 6467+287 





with no tolerance for a 2-axial phosphate and limited tolerance 
for a 6-phosphate. 

Importantly, by directly comparing the pharmacological 
profile of Ins(1,3,4,5)P,-binding to САРІ!*8° with that of the 
Btk PH domain, it was readily apparent that, of the inositol 
phosphates tested, a simular specificity was observed (see Table 
1). This suggests that the manner through which the PH domains 
of САРИ ЗР and Btk bind Ins(1,3,4,5)P, are very sumilar. 


Molecular modelling of the GAP1'** PH domain 


In an attempt to explain, at the molecular level, the phar- 
macological details of Ins(1,3,4,5)P,-binding to GAP1"*®" we 
have generated a molecular model of the САРІ"? PH domain 
in complex with Ins(1,3,4,5)P,. As various PH domain structures 
have been solved, there was a choice of which structure to use as 
the basis for the modelling. Structures of three PH domains have 
been determined as complexes with inositol phosphates: PLC-3, 
[7] and £-spectrin [9] ın complex with Ins(1,4,5)P, and Btk [38] in 
complex with Ins(1,3,4,5)P,. PLC-é, and f-spectrin bound the 
Ins(1,4,5)P, 1n different pockets, located on opposite sides of 
the 51/82 loop. In the PLC-0,-Ins(1,4,5)P, complex there are 
more interactions with the Ins(1,4,5)P, than in the f-spectrin/ 
Ins(1,4,5)P, structure, an observation possibly explaining 
why Ins(1,4,5)P, binds with a much higher affinity to PLC-¢, 
than ıt does to £-spectrin [6-9]. In the Btk PH domain structure 
the Ins(1,3,4,5)P, was bound in an equivalent pocket with many 
similar interactions to that observed for Ins(1,4,5)P, in PLC-é, 
[38]. However, the orientation of Ins(1,3,4,5)P, in the Btk 
structure ıs rotated 180 ° about the P1-P4 axis when compared 
with Ins(1,4,5)P, in PLC-é, [38]. Table 2 shows that PLC-é, and 
Btk have some residues, which interact with the substrate, that 
are conserved and some that are similar. Both PH domains also 
have additional residues that interact with the substrates, which 
may help to give the different specificities of the proteins. Since 
the data in Table 1 demonstrated that Btk interacted with 
Ins(1,3,4,5)P, with a similar affinity and pharmacology as 
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Table 2 Comparison of the residues involved In Моро of the inositol 
phosphate substrates in PLC-d,, Btk and the model GAP1 


Bold type indicates residues that Interact with the substrate and normal type Indicates reskdues 
that do not interact with the substrate. In parentheses are shown the phosphates with which 
that residue Interacts and whether it is vra the side chain (sc) or backbone (bb) of that reskiue, 


РС-д, Вік САРТР 

Lys? (44-5, sc) Lys" (34-4, sc) уз? (3+4, sc) 
Lys? (4, sc) Ser Aja T 

Ser? Gin? (4, bb) Өїл® (4, bb) 
Ser atn (5, bb) Giy™ (5, bb) 

~ Lys” (5, bb) Arg” ' (5, bb) 

s [уз (5, sc +-bb) Lye (B, sc -- bb) 
– Lys” Arg? 

= Ser?! (5, sc) Gy 

Trp?* (1, sc) Asa” (1, se) Азп® (1, sc) 
Arg? (1, sc) Lys? (1, sc) Lys? (1, sc) 
Arg“ (5, se) Arg” (3, sc) Агу“! (3, sc) 
Gin? Tyr?! (4, sc) туг (4, sc) 
Ser? (B, sc) Glu“! Lyst" 

Arg. (5, sc) Туг? 5агб\5 

Lys" (4 4-5, с) Asp? узе! 


GAP]7**?*, and a comparison of the residues involved ш binding 
the substrates showed that GAP1™4"" had greater similarity to 
Btk than PLC-é, (Table 2), it was decided to use the recently 
solved structure of the Btk PH domain—Ins(1,3,4,5)P, complex 
(solved to 2.4 A resolution [38]) to create the model GAP17?42»— 
Ins(1,3,4,5)P, complex structure. 

The sequences used for modelling were 1—170 of Btk and 
574—714 of САРІ!” Although the alignment of the sequence 
for the PH domain of GAP1™*®? (Figure 1) did not show a high 
degree of identity with Btk (32%), it was possible to produce a 
model structure with the typical PH domain fold (Figure 2) and 
similar Ins(1,3,4,5)P,-binding sites. 

As stated above, although PLC-é, and Btk bound the sub- 
strates in equivalent pockets, the orientation of the inositol 


phosphates differed by being rotated 180? about the P1—P4 axis. 
Because of the symmetry of Ins(1,3,4,5)P, about the P1—P4 
axis, either orientation would have little effect on the position of 
the phosphates 1n the Btk binding site. This is highlighted by 
many interactions between the protein and substrate being con- 
served or similar in PLC-é, and Btk; that is, many interactions 
are conserved even though the substrates are in different orien- 
tations. It is possible to place Ins(1,3,4,5)P, into the САРТР 


"model structure in either orientation and retain all of the 


interactions with the phosphates. However, another effect of 
the rotation is to swap the position of the 2- and 6-hydroxyls; 
as the ‘2-hydroxyl is axial and the 6-hydroxyl is equatorial, any 
interactions with the hydroxyls in one orientation of the 
Ins(1,3,4 Oe, are unlikely to be retained in the other orientation. 

PLC-6, has, no direct interactions with the hydroxyls of 
Ins(1, 4, ,5)P, but in Btk Ser? interacts with the 6-hydroxyl, 

and Lys!* and Asn* interact with the 2-hydroxyl. In GAP1**®*, 
Lys* and Asn™ of Btk are conserved (1 уѕ°% and Asn"" in 
GAPIP'*PF, but Ser?! of Btk is replaced by Gly*™ in САР1'*8°, 
As two of the residues that interact with the hydroxyls in Btk are 
conserved іп GAP1*8", and because the binding affinities of Btk 
and GAPI'P*P* for Ins(1,3,4,5)P, are similar, ıt was decided to 
use the orientation of the Ins(1,3,4,5)P, in Btk for the model 
САРІ? —Ins(1, 3,4,5)P, complex structure. 

A comparison of the residues from Btk, PLC-é, and the model 
GAP1"? that are important in binding the inositol phosphates 
(Table 2) showed similarities between these high-affinity binding 
sites. Some of these residues are conserved in all three proteins 
(Lys? and Arg*® of Btk; Lys*** and Атр“ of GAP]1?*P*; Lys” 
and Arg*® of PLC-é,), while others, although not identical, have 
similar functions (Asn™ and Lys** of Btk; Asn®®? and Lys??? of 
САР1'8°; Trp** and Arg? of PLC-é,). PLC-4, has extra 
residues that interact with the 4- and 5-phosphates of Ins(1,4,5)P, 
that are not in Btk or GAPIP*??, which is consistent with PLC- 
6, having a higher affinity for Ins(1,4,5)P, compared with the 
affinity of either Btk or GAPI'*®? for Ins(1,4,5)P,. The 
residues in the binding site of the model GAP1™*®" have а 
higher similarity to Btk than PLC-é,, which is consistent with 
the substrate specificities and, as stated above, was one of the 







PLC-51 

GAPI!?45P 

Btk 

PLC-61 Al PSPADAQHWVQG 

GAP1!?43? d] NNICVEAKDWIDI 

Btk 62- Е IVV PERNPPEEROIPRRGEESSEMEQISIIERFAYEP JP TEELRKBHIBQ 
p5 pe В7 al 

PLC-81 126- DNI -130 

GAP]1!P4P? -714 


673- LTKVSQCNQKR 
Btk 129- "— 


CRAPSDSAP 
CSOTAKNAM N -170 


Figure 1 Sequence alignment of the PH domains from PLC-ó,, GAP1'" "and Btk 


The alignment between PLC-é, and Btk is structure based, with the GAP1'™? PH domain being aligned based on sequence f-sheets are highlighted by solid boxes and a-helical regions by 
dashed boxes The secondary-structural features conserved In PH domains are labelled 21—87 and «1 Residues mutated in GAP1* are Indicated by @ 
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(a) Btk 


p1/B2-loop 





(c) 







Ins(1,4,5)P, 
В1/В2-Јоор 





(Б) Btk/Ins(1,3,4,5)P, complex 





Ins(1,3,4,5) P KZ 





Ins(1,3,4,5)P, ETÀ 
24 


Figure 2 Schematic representation of the backbone of (а) R28C Btk crystal structure, (b) crystal structure of wild type Btk in complex with Ins(1,3,4,5)P,, 
(c) crystal structure of PLC-d, in complex with Ins(1,4,5)P, and (d) the model structure of GAP1''** in complex with Ins(1,3,4,5)P, 


The structural features conserved in PH domains are labelled 1—7 and a1. The 81/82- and /73//24-00рѕ shown to be involved in Ins(1,4,5)P, binding by РС-д, and Ins(1,3,4,5)P, binding 
by Btk are highlighted. The Ins(1,4,5)P, and Ins(1,3,4,5)P, groups are shown as ball-and-stick structures. The Btk residues 83—88 were not clearly visible in the electron density map. The * in 


(b) indicates the gap this region would occupy. This Figure was generated using Molscript [49]. 


reasons for modelling the structure of GAPI'"'^* on to Btk 
rather than PLC-5,. 

The major differences between the model of the GAP1'"*^" PH 
domain and the Btk crystal structure occurred in the loop 
regions, particularly the 83/24- and //5///6-loops (Figure 2). The 
25 / 26-1оор in Btk has an a-helical insertion that is not found in 
GAPI'"*®*, but instead there is just a short loop between the //5- 

and //6-strands. In Btk the //3///4-loop is 12 residues long and 
forms a random coil with no interactions with the Ins(1,3,4,5)P,. 
In contrast, the £3//4-loop of GAP1'"!*" is smaller, being only 
seven residues in length, and contains basic residues that could 
interact with the substrate. However, modelling this region on 
the Btk structure orientated the loop away from the Ins(1,3.4,5)P, 
binding site (Figure 2) and therefore there were no interactions 
between this loop and Ins(1,3,4,5)P, in the model structure. This 
is in contrast with the //3//4-loop of PLC-é,, which forms part 
of the binding site and provides interactions to the bound 
Ins(1,4,5)P.,. The 73///4-loop of GAPI'"*** is more similar in size 


to PLC-d,, which may suggest that it could interact with the 
substrate. However, as the binding characteristics for GAP |'"*5" 
were very similar to Btk, it was decided to leave the //3///4-loop 
based on the Btk structure. 

To account for the much higher affinity of GAPI'"!"* for 
Ins(1,3,4,5)P, than 105(1,4,5)Р, (K, of 11.3+3.2 compared with 
> 5000 nM), there must be some interactions which only occur 
when the 3-phosphate is present. Based on the model structure, 
these interactions are probably from the //1//2-loop, which in 
the САРІ" PH-Ins(1,3,4,5)P, model structure is adjacent to 
the 5-phosphate. As the structure of the PLC-?,-Ins(1.4,5)P,, 
complex was solved prior to the Btk—Ins(1,3,4,5)P, structure, it 
was proposed that the 3-phosphate would interact with the 
f| / j2-loop. Based on this, two characteristics of the //1 / /2-loop 
were proposed to play important roles in binding 3- 
phosphorylated inositol products [43]. Firstly a non-bulky residue 
at the start of the loop is required to allow space for the 
additional phosphate (e.g. Ѕег!* in Btk) and secondly the loop 
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Figure 3 Mutational analysts of Ins(1,3,4,5)P,-binding to the PH domain of 
GAP TPP 


Tha ability of the GAPI? mutants to bind [VP]Ins(1,3,4,5)P, is shown. Binding was 
performed as described In the Experimental section on protein punted from prokaryotic 
expression Data are means S EM (л = 3) 


has to be at least six residues in length to be flexible enough 
to bend around the 3-phosphate [43] Although the Btk- 
Ins(1,3,4,5)P, structure showed that it was the 5-phosphate 
which was orientated towards the £1/£2-loop, the same charac- 
teristics of the loop would need to be fulfilled. In GAP1®* the 
f1/f2-loop comprises 11 amino acids, the first being an alanine 
residue (Ala9*7), which allows space for the 5-phosphate. In the 
Btk—Ins(1,3,4,5)P, complex structure, the 5-phosphate has inter- 
actions with the backbone nitrogens of Gln!5, Lys!? and Lyst’, 
and also with the side chain of Lys!?. The £1/f2-loop of 
GAPI™E? modelled well on to the Btk structure; the backbone 
interactions with the 5-phosphate were retained (Gly*5*, Агр®% 
and Lys**! in САРІ!?*8?) and Lys!* of Btk is conserved (Lys'? 
in GAP]P42P), 

The first structure of Btk solved was of the R28C mutant. In 
this structure the £1/f2-loop is pointing away from the binding 
pocket and 1s flush with the surface of the protein. However, in 
the Btk-Ins(1,3,4,5)P, complex, the loop is perpendicular to the 
protein surface and interacts with the 5-phosphate. The majority 
of the interactions with the 5-phosphate are from the backbone 
nitrogens, with only Lys!* providing a side-chain interaction. 
This suggests that as Ins(1,3,4,5)P, enters the binding site the 5- 
phosphate initially interacts with the £1/f2-loop main chain, 
causing a conformational change in this loop. This conform- 
ational change 15 probably similar to the difference observed in 
the £1/f2-loop between the structures of the R28C mutant and 
the Btk—Ins(1,3,4,5)P, complex. Based on the similarities between 
the Btk-Ins(1,3,4,5)P, crystal structure and the model 
GAPI'?#®?_Jns(1,3,4,5)P, structure, a similar conformational 
change in the £1/f2-loop of GAPIT*9' may occur upon 
Ins(1,3,4,5)P, binding. If Ins(1,4,5)P, entered the binding site of 
Btk or GAP1"**8", then, with по 3-phosphate present, a similar 
orientation of substrate as observed in the PLC-2,-Ins(1,4,5)P, 
complex would be likely (that is, maximize the interactions with 
residues already in the binding site). Therefore there would be no 
phosphate to cause the conformational change in the #1/82- 
loop, and so overall there would be fewer interactions between 
protein and substrate. In other words the higher affinity of 
САРІ!” for Ins(1,3,4,5)P, over Ins(1,4,5)P, arises because 
of the interactions between the /Z1/52-loop and the 5- 
phosphate of Ins(1,3,4,5)P,, but the interactions will only occur 
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if the 3-phosphate is present to allow the substrate to adopt the 
rotated conformation. 


[?P]Ins(1,3,4,5)P,-bInding to site-directed mutants within the PH 
domain of GAP1'* 


Prior to generating the model of the GAP1!*4PP PH-Ins(1,3,4,5)P, 
complex we have previously isolated a number of site-directed 
mutants within the САРІ1'?*8? PH domain that corresponded 
to mutations known to effect Ins(1,3,4,5)P,-binding to Btk 
[37,41,46]. These mutants, expressed as full-length GST- 
GAPI? fusion proteins, were analysed with respect to 
their ability to bind Ins(1,3,4,5)P,. As shown in Figure 3 
[**P]Ins(1,3,4,5)P,-binding to the GAPI? K585R, A587F, 
F598Q, R601C and W668F mutants was dramatically inhibited 
whereas binding to the N597D and R601K. mutants was in- 
hibited by approximately 81.4+3.1 and 75.4 4- 4.1 95, respectively 
(n = 3). The lack of Ins(1,3,4,5)P,-binding to these mutants 
made the subsequent detailed analysis of the affinity and 
specificity of Ins(1,3,4,5)P, practically impossible. However, in 
the case of GAP17*9* K6]4E, in which Ins(1,3,4,5)P,-binding 
was only inhibited by 15.23: 3.195, a detailed pharmacological 
analysis of this binding activity was performed. 

[*P1ns(1,3,4,5)P, bound to recombinant САР1'8° K614E 
with a K, value for Ins(1,3,4,5)P, of 109.1 5.2 nM (n = 3), with 
the other inositol phosphates tested, namely Ins(1,3,4,5,6)P,, 
InsP, Ins(1,4,5)P, and Ins(1,3,4)P,, having A, values of 
401.2+8.1, > 10000 nM, > 10000 nM and > 10000 nM, re- 
spectively (п = 3, for each inositol phosphate). Detailed 
Scatchard analysis revealed a single class of binding site (results 
not shown). With respect to these parameters expressed 
GAP1"*?* K614E had approximately а 10-fold lower affinity 
compared with Ins(1,3,4,5)P,-binding to wild-type САРІ! 
(see Table 1). 


Molecular explanation of the mutagenic studies 


From Figure 3 it can clearly be seen that mutation of Аге", 
either R601C or R601K, had the effect of inhibiting 
Ins(1,3,4,5)P,-binding to САРІ" by greater than 75%. This 
was not surprising, given that from the GAP1™*®? model struc- 
ture, mutations to Arg would remove some of the interactions 
with the 3-phosphate of Ins(1,3,4,5)P, (Figure 4). For example, 
Cys**! would be unable to interact with the 3-phosphate, whereas 
Lys*™! could retain some hydrogen bonds, explaining why R601C 
inhibited Ins(1,3,4,5)P,-binding to a greater extent than R601K 
(9095 compared with 75%). The importance of Arg! in 
Ins(1,3,4,5)P,-binding was further highhghted by the F598Q 
mutation. Phe?* of САРІ! which is conserved in Btk (Phe**) 
and so was modelled in the same position, points away from the 
Ins(1,3,4,5)P,-binding site and appeared to have no interaction 
with Ins(1,3,4,5)P, in the model complex. Therefore it was not 
initially obvious why mutating this residue to glutamine should 
dramatically reduce Ins(1,3,4,5)P,-binding activity. However, 
the difference in size between phenylalanine and glutamine, or if 
glutamine hydrogen bonds to a neighbouring residue, could 
cause a localized conformational change. Arg"! is only three 
residues away and so any change in its conformation could cause 
the effects observed. 

With respect to K585R, although this could retain the in- 
teraction with the 4-phosphate of Ins(1,3,4,5)P,, the bulkier 
arginine residue may, by steric hindrance, cause the Ins(1,3,4,5)P, 
molecule to alter its position in the binding site, effectively having 
to move further out. This would weaken, or remove, the other 
interactions between Ins(1,3,4,5)P, and САР1'*8°, thereby low- 
ering the binding activity. Likewise, the mutation N597D, which 
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inhibited Ins(1,3.4,5)P, binding by 81.4+3.1°,, would not only 
remove hydrogen bonding with the substrate, but also, by 
introducing a negative charge close to the l-phosphate, may 
repel the Ins(1,3,4,5)P,. Similarly, although the K614E mutation 
only inhibited Ins(1,3,4,5)P, binding by 15.2 4- 3.1 ^,, the 10-fold 
lower affinity may indicate that either the lysine residue had a 
weak interaction that was removed by the mutation or, if there 
was no such interaction, then the introduction of a negative 
charge may again repel the Ins(1,3,4,5)P, molecule from the 
binding site. The model structure did not have any direct 
interactions between Lys*'* and Ins(1,3,4,5)P, (Figure 4), indi- 
cating electrostatic repulsion between K614E and Ins(1,3,4,5)P,. 


In the model structure Ala? of GAPI'"!9" corresponded to 
Lys** of PLC-d,. This was interesting, since Lys** of PLC- is at 
the start of the #1//2-loop and has been previously suggested to 
prevent substrates containing a 3-phosphate from binding [43,47] 
[based on the Btk-Ins(1,3,4,5)P, complex it is actually the 5- 
phosphate that will be close to Ala?" in САРІ'"*"?]. Therefore 
although a change from Lys** in PLC-ó, to Ala?** in САРІ!" 
reduced the number of interactions with Ins(1,3,4,5)P,. such a 
change may be essential for Ins(1,3,4,5)P, binding. In the model 
САРІ!" structure Ala*** was close to the 5-phosphate (Figure 
4). so it was not surprising that the AS87F mutation caused steric 
hindrance, which inhibited Ins(1,3,4,5)P, binding by 90 °%. 
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Figure 5 Schematic representation of the model САР1'*? PH—Ins(1,3,4,5)P, complex with Trp***, and the residues Lys"? and Met with which it interacts, 


shown as ball-and-stick structures 


ins(1,3,4,5)P, is shown as a ball-and-stick structure and the structural features conserved in PH domains are labelled /71—/77 and a1. This Figure was generated using Molscript [49] 


The only invariant residue in PH domains is a tryptophan in 
the -helix (Trp*** in GAP1'"!?"), This residue has been suggested 
to form a structural role in the orientation of the x-helix and /- 
sheet [48]. In the model GAPTI'"*"* structure, and also the Btk 
and PLC-4, structures, this tryptophan is sandwiched between 
two residues (Lys*** and Met^*?) from the //1-strand (Figure 5). 
The W668F mutation in GAPI'"*®" was therefore likely to cause 
a structural change, probably in either the //1-strand or //1//72- 
loop, which resulted in a reduction in the ability of the protein to 
bind Ins(1,3,4,5)P,. 


DISCUSSION 


In the present study we have compared, in some detail, the 


Ins(1,3,4,5)P,-binding sites present within the PH domains of 


recombinant GAP]'"'"* and Btk, an approach which has high- 
lighted that these two proteins bind 1ns(1.3.4,5)P, with very 
similar affinities and inositol phosphate specificities. With this in 
mind, we have used the crystal structure of the Btk PH domain 
in complex with Ins(1,3,4,5)P, [38] to generate a molecular model 
of the potential Ins(1,3,4,5)P,-binding site within GAP]I'"!"". 
The model structure of the GAPI'"'"" PH-Ins(1,3,4,5)P, 
complex predicts an inositol phosphate-binding site in. which 
the inositol ring is partially buried within a pocket comprised 
of the #1//2- and //3/ //4-loops. Importantly, we propose that the 
high-affinity binding site is formed following a conformational 
change in the #1//2-loop that is induced upon Ins(1,3,4,5)P,- 
binding. Our model suggests that the pharmacology of inositol 
phosphate-binding to GAP1I'"*^*, as detailed in Table 1, arises 
for the following reasons. Firstly, for high-affinity binding a 
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minimum of four phosphate groups are necessary in order to 
induce the conformational changes required to bring crucial 
residues, some of which we have highlighted by mutagenesis, 
into proximity with the phosphates [compare the affinities of 
D-Ins(1.4,5)P,. D-Ins(1.3.4)P, and p-Ins(1.3,5)P, with D- 
Ins(1,3,4,5)P,]. These four phosphates need to be in equatorial 
positions, since any inositol tetrakisphosphate containing a 
phosphate on the axial 2-hydroxyl has a low affinity (see Table 
1). Furthermore, three of the phosphates need to be in a row, 
with the fourth phosphate immediately opposite, such that the 
remaining hydroxyls separate it from the three phosphates {see 
the affinities of p-Ins(1,3.4,5)P, and p-Ins(1,3,5,6)P, [= L- 
Ins(1,3,4,5)P,] in Table 1}. Such a requirement is predicted from 
the model, since the three phosphates [3-,4- and 5- in the case of 
D-Ins(1.3,4,5)P,] are shown to interact with residues that lie in 
the bottom of the binding pocket and are therefore buried; the 
remaining phosphate [the l-phosphate of p-Ins(1,3,4,5)P,] is 
orientated towards the top of the binding site. In this context the 
high affinity of GAPI'"'"' for p-Ins(1,3.4,5.6)P, (К, = 
85+4.5 nM) is interesting, since we would predict from the 
model that this binds in the same orientation as D-Ins(1.3,4,5)P, 
and that sufficient space may be available to accommodate the 
6-phosphate. 

Both PLC-2, and Btk have had their crystal structures solved 
in complex with inositol phosphates, and they have shown that 
they bind the inositol phosphates in equivalent binding sites. Of 
the residues involved in binding the substrates some are con- 
served, others although not identical do perform similar functions 
and there are unique residues that are probably responsible for 
the distinct affinities of the two PH domains. As the binding sites 
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are similar, it is surprising that they bound the inositol phosphates 
in different orientations, which are rotated 180 ° about the P1—P4 
axis. This gave a choice of which orientation to use for the model 
GAP1'*:?'—Ins(1,3,4,5)P, structure. Based on the sequence and 
substrate-specificity similarities between GAPI!**5* and Btk it 
was decided to use the Btk orientation. However, until the crystal 
structure of GAP1®* in complex with Ins(1,3,4,5)P, has been 
solved the onentation of the 1ns(1,3,4,5)P, will be open to 
debate. 

Therefore, in summary, we have generated a credible model 
structure describing the Ins(1,3,4,5)P,-binding site within the PH 
domain of GAPI!**9?, This model explains the molecular nature 
of the high-affinity isomer-specific binding of 1ns(1,3,4,5)P, to 
GAPI'?*9? and highlights important residues required for high- 
affinity binding, some of which we have confirmed by site- 
directed mutagenesis. 
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Several mammalian sialidases have been described so far, sug- 
gesting the existence of numerous polypeptides with different 
tissue distributions, subcellular localizations and substrate speci- 
ficities. Among these enzymes, plasma-membrane-associated 
sialidase(s) have a pivotal role in modulating the ganglioside 
content of the lipid bilayer, suggesting their involvement in the 
complex mechanisms governing cell-surface biological functions. 
Here we describe the identification and expression of a human 
plasma-membrane-associated sialidase, NEU3, isolated starting 
from an expressed sequence tag (EST) clone. The cDNA for this 
sialidase encodes a 428-residue protein containing a putative 
transmembrane helix, a YRIP (single-letter amino acid codes) 
motif and three Asp boxes characteristic of sialidases. The 


polypeptide shows high sequence identity (78%) with the 
membrane-associated sialidase recently purified and cloned from 
Bos taurus. Northern blot analysis showed a wide pattern of 
expression of the gene, in both adult and fetal human tissues. 
Transient expression 1n COS7 cells permitted the detection of a 
sialidase activity with high activity towards ganglioside substrates 
at a pH optimum of 3.8. Immunofluorescence staining of the 
transfected COS7 cells demonstrated the protein's localization in 
the plasma membrane. 


Key words: expressed sequence tag, gangliosides, gene structure, 
membrane-bound enzyme. 





INTRODUCTION 


Sialidases or neuraminidases (EC 3.2.1.18) remove sialic acid 
residues from various sialo derivatives such as sialo-oligo- 
saccharides, sialoglycoproteins and sialoglycolipids (gangli- 
osides). The biology of viral and bacterial sialidases has been 
extensively studied [1], whereas the study of their mammalian 
counterparts has been hampered for a long time by their usually 
low cellular content and lability during purification procedures. 
In mammals, several sialidases with different subcellular local- 
izations, tissue distributions and substrate specificities have been 
described, suggesting great molecular variety in these proteins. In 
this perspective, the availability of the cDNA species encoding 
mammalian sialidases is an important step leading to a com- 
prehensive picture of the relationships between the structure and 
function of these enzymes. 

In the past decade several mammalian sialidases have been 
cloned. The first mammalian protein carrying this enzyme activity 
to be cloned and characterized at the molecular level was the rat 
cytosolic sialidase [2], followed by a soluble sialidase secreted 
into the culture medium by CHO (Chinese hamster ovary) cells 
[3]. Then the cDNA species encoding the human [4—6] and mouse 
[7-9] lysosomal sialidases were isolated, permitting the definition 
of the molecular basis of the human lysosomal disorder sialidosis 
[10] and the neuraminidase defect in the SM/J mouse [11] 
respectively. We recently reported the identification of a novel 
human gene, NEU2, encoding a cytosolic sialidase similar to the 
soluble enzyme from rat and hamster [12,13]. The last gene of 
the mammalian sialidase family that has so far been cloned 
encodes a bovine plasma-membrane-associated sialidase specific 


for gangliosides [14], a protein previously purified from bovine 
brain [15]. Membrane-associated sialidases have been described 
in different tissues [16—18] and cell types [19—21]; a form linked 
to the membrane via a glycosylphosphatidylinositol anchor has 
also been identified [22,23]. The main role of these forms of 
sialidases is thought to be the regulation of the sialic acid content 
of membrane-bound sialyl glycoconjugates. Among these com- 
pounds, gangliosides are the most abundant in the plasma 
membrane of vertebrate cells; they are involved in various 
biological processes including cell adhesion, cell-cell interactions 
and cell proliferation, differentiation and oncogenic transform- 
ation [24]. Therefore a detailed molecular characterization of 
membrane-associated sialidases could help in an understanding 
of the mechanisms underlying these different aspects of gang- 
lioside biology. Here we report the identification of a human 
plasma-membrane-associated sialidase encoded by a novel 
human gene, NEU3, mapping on chromosome 11q13. 


EXPERIMENTAL 
General techniques 


Standard molecular biological techniques were performed as 
described by Sambrook et al. [25]. DNA restriction and modifying 
enzymes were from Boehringer unless indicated otherwise. 


isolation of NEUS cDNA and gene 


Searches of the database of expressed sequence tags (dbEST) 
were performed as described previously [26]. The IMAGE cDNA 


Abbreviations used: dbEST, database of expressed sequence tags, EST, expressed sequence tag, HA, haemagglutinin, 4-MU, 4-methylumbelliferone, 


ORF, open reading frame, PAC, P1-derrved artificial chromosome 


1 To whom correspondence should be addressed at TIGEM (e-mail monti@tigem it) 
The nucleotide sequence data reported will appear in DDBJ, EMBL and GenBank Nucleotide Sequence Databases under the accession number 
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clones corresponding to the NEU3 transcript were obtained from 
the UK Human Genome Mapping Project Resource Centre. 

Phage library plating and screening conditions were performed 
with standard procedures [25]. Human cDNA clones were 
isolated from a human skeletal muscle cDNA library (Clontech; 
in A GT11 vector) by using a probe derived from IMAGE clone 
1041654 with primers HSIF (5’-AGGCCTCATTCTCTGATG- 
3) and HSIR (5’-CTTACCACACTCCCTTGG-3’). Inserts of 
recombinant phages were isolated by PCR with vector oligo- 
nucleotide primers. 


DNA sequencing 


Automated sequencing (with an Applied Biosystems ABI 377 
fluorescence sequencer) was performed with vector- and gene- 

specific oligonucleotide primers. The sequences of the exon- 
intron boundaries were determined by sequencing Pl-derived 
artificial chromosome (PAC) clones with cDNA-specific primers. 


Computer sequence analysis 


Sequence assembly and editing was performed with both Auto- 
Assembler version 1.4 (Perkin Elmer-Applied Biosystems) and 
DNA. Strider version 1.2 [27] programs. Multiple sequence 
alignment was performed with the ClustalW algorithm [28]. 
Nucleotide and amino acid sequences were compared with the 
non-redundant sequence databases present at the NCBI 
(National Center for Biotechnology Information) with BLAST 
version 2.0 [29]. 


Chromosomal localization and PAC library screening 


For radiation-hybrid mapping we used the Genebridge 4 panel 
(Research Genetics, Huntsville, AL, U.S.A.), which includes 93 
human and hamster clones. DNA (25 ng) for each of the hybrid 
clones was used for PCR amplification in 96-well microtitre 
plates with the HSIF and HSIR primers, at 55?C as the 
annealing temperature. Results were sent to the Radiation Hybrid 
Mapper server at Whitehead Institute/MIT Center for Genome 
Research (http ://www-genome.wi.mit.edu/cgi-bin/contig/ 
rhmapper.pl). 

For the RPCI-5 PAC library screening, the same set of primers 
was used. 


Northern blot analysis 


Commercial human RNA Master Blot (Clontech) containing 
dotted human poly(A)* RNA species from 50 different tissues 
was hybridized with human sialidase (HS) probe. This probe was 
PCR-amplified from the cDNA HSMS clone by using the primer 
set НМ (5'-ATGGAAGAAGTGACAACATG-?) and HSCt 
(5’-TTAATTGCTTTTGAATTGG-3’) and spanned the entire 
NEU3 open reading frame (ORF). The experiment was per- 
formed under the conditions recommended by the manufacturer. 


Expression in COS7 cells 


The cDNA region containing the entre NEU3 ORF was 
amplified by PCR with cloned Pfu polymerase (Stratagene), a 
sense primer with a Bg/II site (HSNtB, 5'-GAAGATCTATG- 
GAAGAAGTGACAACATG-3^, an anti-sense primer with an 
EcoRI site (HSCtE, 5'-CATGAATTCTTAATTGCTTTTGA- 
ATTGG-3) and HSM5 cDNA clone as template. pCDNAI- 
NEU3 was constructed by cloning the amplified insert 5’ in 
frame with the haemagglutinin (HA) epitope into plasmid 
pCDNAI (Invitrogen). The amplified insert was also cloned into 
a Rous-sarcoma-virus-promoted vector [30], yielding the pCDL- 
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NEU3 construct. COS7 cells were grown in Petri dishes (100 mm 
diameter) by using Dulbecco’s modified Eagle’s medium with 
10% (v/v) fetal calf serum. Transfections were performed 
overnight with 6 ug of plasmid DNA and LipofectAMINE 
reagent, in accordance with the manufacturer’s guidelines (Life 
Technologies) Cells were harvested by scraping, washed 1n PBS 
and resuspended in the same buffer containing 1mM EDTA, 
1 ug/ml pepstatin A, 10 ug/ml apoprotinin and 10 ug/ml leu- 
peptin. Total cell extracts were prepared at various times up to 
72 h after transfection by sonication. The supernatant obtained 
after centrifugation at 800 g for 10 min was designated the crude 
cell extract and was subsequently centrifuged at 200000 g for 
15 minonan Optima TL 100 ultracentrifuge (Beckman). Aliquots 
of the original crude cell extract, 200000 g supernatant and pellet 
were used for assays for protein (Coomassie Protein Assay 
Reagent; Pierce) and sialidase activity, and for Western blot 
analysis. 


Western blot analysis 


Protein samples corresponding to 10 ug of each cell fraction were 
subjected to SDS/PAGE [10% (w/v) gel] and subsequently 
transferred to nitrocellulose extra blotting membrane (Sartorius) 
by electroblotting. The membranes were incubated for 30 min Іп 
TBS/0.1 % (v/v) Tween 20 (TTBS) containing 10% (w/v) dried 
milk (blocking buffer; BB). The primary antibody, anti-HA 
monoclonal antibody (Boehringer), was added at an appropriate 
dilution in BB and blots were incubated for 1h. After being 
washed in TTBS, the membranes were incubated for 1 h with the 
appropriate horseradish-peroxidase-conjugated IgG (Amer- 
sham) diluted in BB. After a final wash in TTBS, detection of 
antibody binding was performed with enhanced chemilumi- 
nescence (Amersham) in accordance with the manufacturer's 
instructions. All incubations were performed at room tem- 
perature, with constant shaking. 


Preparation of unlabelled and *H-labelled gangliosides and 
neutral glycolipids 


Gangliosides СМІ, GD1a, GD1b, GT1b and lactosylceramide 
from calf brain and GM3 (NeuAc) from human spleen were 
prepared and analysed structurally as described previously [31]. 
СМІ, GM3 and GD 1a were ?H-labelled at C-3 of the sphingosine 
moiety; the separated and purified erythro forms were used [32]. 
In addition, GM3 was ?H-labelled at the level of the N-acetyl 
group of sialic acid (LVeuAc-*H]GM92) by the method of Chigorno 
et al. [33]. The radiochemical purity of H]GMI, l*H]GD1 and 
[NeuAc-H]GM3 was greater than 99 % and the specific radio- 
activities were 1.25, 0.96 and 0.30 Ci/mmol respectively. Ganglio- 
sides were stored at —20 °C in propan-1-ol/water (4:1, v/v). 


Slalldase assay 


The enzymic activity of NEU2 in total cell lysates and in cellular 
subfractions was determined by various methods. The sialidase 
activity towards ganglioside substrates, in the presence or 
absence of Triton X-100 (0.1%, v/v), was determined as de- 
scribed by Venerando et al. [34]. All reaction mixtures were set 
up at least 1n duplicate, with 25 ug of total protein, in a final 
volume of 100 ul and in the presence of 12.5 mM sodium citrate/ 
phosphate buffer, pH 3.8. In all cases 1 unit of sialidase activity 
is defined as the liberation of 1 mol of NeuAc/min at 37 °C. 


Fluorimetric method 


Reactions were set in the presence of 400 ug of BSA, with 
0.2 mM 2’-(4-methylumbelliferyl)-a-D-N-acetylneuraminic acid 
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i tttcctttrattggcgtttgtaaaatttcttorttttaaaattgttatattttagagacag 60 
51 ggtctcgctctgrcacccaggotggagtgcagtggtgcaatcacagctcaccacagccecc 120 
121 caacrcctgggotcaaggcatcctcccacgtaggccttcoaaagcgctgagattgtaggc 180 
;81 átaagccaccaggcccagcctattacctttacgttgtacttagtcccagataaaaaatga 240 
241 ccttagatcagtcctttcctctttggctagggagaggggggcttaaattcocggtactgtg 300 
301 aaácagaagaatggactcagtgctatgtgacaaatctatgtatgtaaatgtgtgtatata 360 


351 cácacacataaattatatatatgaatatattttcattttcatattttgcaaggagagtag 420 
ázi ccaatgctctggacctcetggtcctctrttgragggtaccetetgaggccgggaacctttgc 480 
481 tCaactctcaggctgtccagggaagctttaggoggtgataccgagctacagaccaatata 540 
541 agagctcggggctgtggcactgaagagaggaggcggccgttgggaactgaggtgggccca 600 
501 ggget tgagctgagt tggcgagggt ggaggtagtgecggteccacgecgtygtagggace 569 
561 qgagctgcgggctggagggaguggcagcgccgagdgggegggacgggagagggctcgegga 720 
121 gtaggccaacggttggccccaaccgccactgactacagcctgegcccgectctttrcgtt 789 
781 gccgttacctgtttceggeagt cgacacgetcttegettcteggggettgtctcegtgtc 840 
841 etccgtctcagttgtttetccctctctatcctcctcetgtcetcagtetecccagecttggg 900 
901 gccggtgcctectcegggcttcggcgaatgagacctgoggacctgcecccgcgcoeccatg 966 
961 gaagaatccccggcgtccagctctgoccccgacagagacggaggagceggggtccagtgca 1020 
1021 gaggtcATGGAAGAAGTGACAACATGOTCCTTCAACAGCCCTCTGTTCCOGCAGOOGAAGAT 1080 


i M E E V T T C 5 F N S P L F R Q E D 18 
1081  GACAGAGGGATTACCTACCOGATCCCAGCCCTGCTCTACATACCCCCCACCCACACCTTC 1140 
19 D R G I T Y R I P А L L Y I P P T H T Р 38 
1141  CTGGCCTTTGCAGAGAAGCGTTCCACGAGGAGAGATGAGGATGCTCTCCACCTOGTGCTG 1200 
A9. L A Р А Е КОҢ 5 ТОН OR. Do Ер А „он Lo у ТЕ 58 
1201  AGGCGAGGGTTGAGGATTGGGCAGTTGGTACAGTGOGOOCCCCTGAAGCCACTOATOGAA 1260 
59 R R G L RI GQ L V QW G PLR P L M E 78 
1261  GCCACACTACCGGGGCATCOGACCATGAACCCCTGTCCTOTATGGGAGCAGAAGAGTGOT 1320 
75 A T L P GH R T M N P C P V W E Q K SS G 98 
1321  TOTGTGTTCCTGTTCTTCATCTGTGTOCGGOGCCATGTCACAGAGCGTCAACAGATTGTG 1380 
99 C V F L F F I C V R бон V T ER Q @ I V 118 
1381  TCAGGCAGGAATGCTGCCCGCCTTTGCTTCATCTACAGTCAOGATGCTGGATGTTCATGG 1449 
113 5 G R NAAR L C F 1Y S QD A G C S ш i3 
1441  AGTGAGGTGAGGGACTTGACTGAGGAGGTCATTGGUTCAGAGCTGANOCACTGGGUCACA 1500 
139 5 E V R D L T E E V IY G S E L K H W A T 158 
1501 TTTGCTGTGGGCCCAGGTCATGGCATCCAGCTGCAGTCAGGGAGACTGGTCATCCCTOCG 1560 
159 Р A V G P GHG IQ LOS GR LV I PA i78 
1561 ТАТАССТАСТАСАТСССТТССТОСТТСТТТТОСТТССАССТАССАТСТААААССАОСССТ 1620 
179 Y T Y Y $ PS W Р F C F Q L P C k T RP 198 
1521  CATTCTCTGATGATCTACAGTGATGACCTAGGGGTCACATGGCACCATGOTAGACTCATT 1680 
159 H 5 L M. I Y. 9S D D. L. єс V T W H H G KR L I 21 
1681 АОССССАТССТТАСАСТАСААТОТСААСТССОСАСАССТОАСТОССАСОСТТООССАСССТ 1740 
1З R Р М МУ Т V Е € Е NM А Ro у T бой А бон Р 238 


Figure 1  NEU3 cDNA contig, gene structure and translation 





i741 GTGCTATATTGCAGTGCCCGGACACCAAACAGGTGCCOGGCAOGAGGCOGCTCAGCACTGAC 1800 
239 V L Y C S A R T P NR R A E A L & T D 258 
1901 CATGGTGAAGGCTTTCAGAGACTGGCCCTGAGTCGACAGCTCTGTGAGCCCCCACATQGT i860 
259 H G E б F O R LAL S R © L C E P P H б 278 
1861 TOCCAAGGGAGTGTGGTAAGTTTCCGGCCCCTGGAGATCCCACATAGGTOCCAGGACTOT 1920 
279 C О б S V V S F BR P L E I P H R C © D S 238 
1921 AGCAGCAAAGATGCACCCACCATTCAGCAGAGCTCTCCAOGCAGTTCACTGAGGCTOGAG i880 
290 $ S K D A P T I Q Q S S P б & S L R L E 318 
1981 SGAGGAAGCTGGAACACCGTCAGAATCATGGCTCTTGTACTCACACCCAACCAGTAGGARA 2040 
319 E E A G T P S E S W L L Y S H P T S R K 338 
2041 CAGAGGGTTGACCTAGGTATCTATCTCAACCAGACCCCCTTGGAGGCTGCCTGCTOUTCC 2190 
339 Q R V D kL G I Y L N Q T P [| E A А C W 5 358 
2101 CGCCCCTGGATCTTGCACTGTGOGCCCTGTGGCTACTCTGATCTGOCTGCTCTOGAGGAG 2160 
359 R P W I L H C б P C O Y S D L A A L E E 378 
2161 GAGOGCTTGTTTGOGGTGTTTGTTTGAATGTGGGACCAAGCAAGAGTOTGAGCAGA'TTGCC 2220 
37/9 E G L F G C LF E C G T ок © E C E Q I А 398 
2241 TTCCGCCTGTTTACACACCGGGAGATCCTGAGTCACCTOCAGGOGGACTGCACCAGCCCT 2289 
399 FÒ R L F тон R E I L S HO OL Q G D C T S P 418 
2281 GOTAGGAACCCAAGCCAATTCARAAGCAATTAAL tggcet taggacccaatttccatagat 2340 
419 G R N Р S Q F EK S WN ^* 428 


234i gcaaatggcagttacagacaggttaacagaagctactgaagtctacagataatcaaaaaa 2400 
2401 cttaatattctgttocctaccttttttcacttttcctcctccaaagagcaaaatgaaaat 2460 
2462 tttgccttagctactgcagtggaaagagcactgaactaggagttggaagacaaggatgtg 2520 
2521 gtcctggctctgccactggcttgcttttggaccttggatgtgtcacctgaactctetgga 2580 
2581 cCectcaggtttccatctgtagaatgagagtattggttctaagatttctcatcttetoatoc 2640 
2641 claggacaagcatagigcctgcatgct tcatgatcagtaagtectggctgcataaaggac 2780 
2701 tctgatgtcaaaatggaaaccaggggacttaccttttcacatgacttacccectcatccoga 2760 
2761 gtgtgaggttacaagcaggtgtcatggcaggaaggaacaccagatctgtatgatttgttc 2820 
2821 catttttaataacaaaaatatccacacccttttaataatgctcagagttctgtaggctct 2880 
2881 ctatcctagaggaattgagcaaaacagaagaatcatgaagtctoctaccttctacagcct 2840 
2941 tgtagttetgettaccttctcttcctcat ccagaaagcatcattttctagggagaacaat 3000 
3001 gagaatctcaatgccagtagtactggataatagtgcgtattgcttcotggtggcattaccc i060 
3061 tgatgatgggctgaagttcatttattagggtggttcctgatgggaaaaggacatggatta 3120 
3121 ggactttaaaacactggacagaatttcacacagtctttg¢ect caaggagttcaccagtt 3180 
3182 tatggggctagaagáagcgagaaaattcaagaaaataaatgtagctggtgggagactttgt 3240 
3241 agatgttgggctatatgttggggtgatggtagctcctgatgtaattttcttagttgcatec 3300 
33801 tDtcaatatgcctggagtcgtctgtccaaggcttgtccaggcttctgggtttcetctcaagt 1360 
3361 vctgtttttctcaggatattgtcotggcccagctactcotttacctgtgagaagatcttca 3470 
3421 ccattaggaagatctctágacccccagatctcagaatcaggcctatttgtgtaggoccat 3480 
3481 ggaaatcactacttgtgaagtagagatgcctttttgtttaaaaaaaaaaaadaaaaaaaa 3540 


(a) Schematic representation of the NEU3 consensus sequence; the grey box indicates the coding region. The broken line in (a) and the heavy bar in (b) represent the portion of the consensus 
sequence obtained from genomic DNA. (с) The contig of cDNA and EST clones (cl). (d) The genomic structure of NEU3. (e) The NEU3 consensus sequence and the corresponding protein translation 


(one-letter amino acid codes). 


(4-MU-NeuAc; Sigma), and incubated at 37°C for 25 min. 
Reactions were stopped by the addition of 1.5 ml of 0.2 M 
glycine/NaOH, pH 10.2. Fluorescence emission was measured 
on a Jasco FP-770 fluorimeter with excitation at 365 nm and 
emission at 445 nm, with the use of 4-methylumbelliferone (4- 
MU) to obtain a calibration curve. Determination of the kinetic 
parameters was performed with this artificial substrate in the 
concentration range 0.02-0.6 mM. 


Colorimetric method 


Reactions were set up with various concentrations of GD1b and 
GT1b, from 0.03 to 0.6 mM. After incubation at 37 °C for up to 
25 min, the release of sialic acid was determined by the thio- 
barbituric acid method [35]. 


Radiochemical method 


Incubation mixtures containing 0.025-0.6 mM of ?H-labelled 
СМІ, ОМЗ and GD la gangliosides, carrying 100000 d.p.m. of 


*H label, were incubated at 37?C for up to 25 min. The 
incubations were terminated by cooling the tubes in an ice bath 
and adding 400 al of tetrahydrofuran. The mixtures were centri- 
fuged at 10000 g for 5 min; 10 xl of the resulting supernatant (in 
triplicate) was subjected to high-performance TLC on silica- 
gel plates with chloroform/methanol/0.2% aqueous CaCl, 
(50:42:11, by vol.) as solvent system, to separate the reaction 
products from the substrates [36]. The separated glycolipids were 
quantified by radiochromatoscanning (Beta Imager 2000; Bio- 
space Mesures, Paris, France, with the software interface Beta 
Vision from Dell Optiplex Systems), and the enzyme activity 
was calculated as described [36]. 


immunofluorescence localization 


For immunofluorescence studies, COS7 cells were grown in 
eight-well chamber slide culture chambers (Nunc). Transfections 
were performed as described previously, with 0.2 4g of DNA in 
each well. Indirect immunostaining of HA-NEU3 was performed 
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on cells fixed with 4°, (w/v) paraformaldehyde in PBS. Cells 
were subsequently permeabilized with 0.2%, (v/v) Triton X-100, 
blocked with pig serum and incubated with anti-HA monoclonal 
antibody (4 /g/ml) (Boehringer Mannheim) in PBS plus pig 
serum and 0.1 ^; (v/v) Triton X-100. Staining was obtained after 
incubation with FITC-conjugated isotype-specific antibodies 
(1:100 dilution) (Dako). Fluorescence microscopy was per- 
formed with an Axioplan microscope (Zeiss). 


RESULTS 
Identification and characterization of the NEU3 gene 


As a starting point for the identification of novel mammalian 
sialidases we searched the dbEST [37] for entries showing 
homology with NEU2 polypeptide. This analysis led us to the 
identification of a human expressed sequence tag (EST) (accession 
number AA578048) showing significant sequence identity with 
the medial part of both the query sequence and the rodent 
soluble sialidase. Moreover, the homology region contained an 
Asp box [consensus sequence S/TXD(X)GXTW/F], an amino 
acid motif found in all the microbial [38] and mammalian [6] 
sialidase enzymes cloned so far. 

The sequence of the corresponding cDNA clone (IMAGE 
clone 1041654) revealed an insert size of 395 bp. A set of 
oligonucleotides (oligos) was designed on the basis of the cDNA 
sequence and were used for preliminary expression studies with 
various human RNA species as templates. Reverse-transcriptase- 
mediated PCR revealed a product of the expected size in heart. 
brain, lung and, with higher yield, in skeletal muscle (results not 
shown). The PCR product was used as a probe to screen a 
human skeletal muscle cDNA library (2 x 10* plaques); out of 
seven positive clones, four were characterized further and the 
clone containing the longest insert (НЅМ5) (Figure 1) was 
sequenced directly. A reiterated search of the EST database 
allowed us to identify an additional EST (IMAGE clone 744390) 
corresponding to the 3’ untranslated region. The cDNA con- 
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Figure 3 NEU3 gene expression 
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sensus sequence at the 5 end was confirmed and extended at the 
genomic level (as indicated in Figures la-1c) to build up a contig 
of 3540 bp. Four in-frame ATG codons were found (nt positions 
424, 928, 958 and 1027 of the contig). preceded by several in- 
frame stop codons. Comparison of the amino acid sequence of 
the predicted NEU3 protein product with its putative bovine 
homologue [14] revealed that the fourth ATG was the real 
starting codon, indicating that the human putative NEU3 
protein is 428 residues long. Bioinformatic analvsis of the 
genomic sequence upstream of the ATG, performed at 
http://bimas.dert.nih.gov/molbio/signal/, revealed the pres- 
ence of several putative Spl-binding sites and the absence of 
TATA and CAAT box sequences. These findings are in agreement 
with the expression data obtained by Northern analysis, dem- 
onstrating that NEU3 is a ubiquitously expressed gene. During 
the submission of this paper a transcript corresponding to NEU3 
was isolated from human brain cDNA library and reported by 
Wada et al. [39]. 


NEU3 protein analysis 


The predicted NEU3 protein has a calculated molecular mass of 
48.25 kDa and a theoretical pl of 6.78. The protein contains three 
canonical Asp boxes (residues 131—138, 205-212 and 256-263), 
an F(Y)RIP (one-letter amino acid codes) motif in the N- 
terminal region and one potential N-glycosylation site (Asn- 
348). Comparison of the amino acid sequence with protein 
sequence databases showed the highest degree of identity (78°, ) 
with the bovine membrane-associated sialidase [14], followed by 
rat [2], NEU2 [12] and hamster [3] soluble enzymes (42°,,. 
42^, and 40°, sequence identities respectively) and the human 
[4-6] and mouse [7-9] lysosomal sialidase (31 and 30°, sequence 
identities respectively). As reported for the bovine protein, 
the analysis for putative transmembrane regions by using the 
TMpred and PHDhtm programs [40] at ISREC (Switzerland) 
and EMBL (Germany) revealed a hydrophobic stretch of 17 
residues (174-190) that apparently divides the protein into two 
segments located on the opposite lavers of the membrane. In 
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(a) Human mRNA master blot (Clontech) hybridized with NEU3 probe (exposed for 4 days). (b) List of the types and positions of poly(A)” RNA species and control RNA and DNA species dotted 
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© 2000 Biochemical Society 


348 E. Monti and others 





a Substrates 


10 4-MU-NeuAc GDla 


P 75 
3 
E 
р S 
= 
в 
з 
32 
E 
" =) onl m 
б 
e E ы g 
д д 
r4 *. 
с 
— ое» 


—^ = 
A—— a» = ~ 
6 7 8 9 10 


Figure 4 NEU3 expression in COS7 cells 
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(a) COS7 cells transfected overnight with pCDL vector alone or pCDL-NEU3 construct were grown for 24 h; sialidase-specific activities towards the substrate 4-MU-NeuAc and ganglioside СОТА 
were determined in the total cell lysate. Variation in the observed activity is indicated by the S.D. error bars (n = 3). (b) Rate o! hydrolysis of 4-MU-NeuAc over the pH range 2.8—6.6 in 12.5 mM 
sodium citrate/phosphate buffer, with the use of aliquots of the crude cell homogenate of pCDL-NEU3-transfected cells as the enzyme source. (€) TLC of 10 yl of sialidase reaction mixture containing 
radiolabelled [^H]GM3 (lanes 1—3) and [*H]GD1a (lanes 6—8). Aliquots (25 ид) of the particulate material of COS7 cells transfected with pCDL (lanes 2 and 7) and pCDL-NEUS (lanes 3 and 
8) were used as enzyme sources. Standard “H-sphingolipids are loaded on the right of each TLC: GM3 (lane 5); lactosyl-ceramide (lane 4); GD1a (lane 10) and GM1 (lane 9). Detection of the 
*H-gangliosides was performed with a radiochromatoscanner. (d) Sialidase activity of the supernatant (SN) and pellet (P) obtained by ultracentrifugation at 200000 g of the tota! lysate of pCDL- 
NEU3-transfected cells. The rates of hydrolysis of 4-MU-NeuAc are expressed as percentages of the value detectable in the total cell lysate (n = 3) 


addition, primary structure analysis revealed a high cysteine 
content (21 residues, 4.9", of the total), and the secondary- 
structure prediction performed by the PHDsec program at EMBL 
(Germany) showed several /-sheet regions, a characteristic 
common to all the sialidase enzymes studied so far. A multiple 
alignment of the amino acid sequences of the cloned mammalian 
sialidases and the protein from Salmonella typhimurium is shown 
in Figure 2. As expected, the F(Y)RIP motif is highly conserved in 
all the proteins, as are the three Asp boxes. In addition, the 
presence of the microbial sialidase, whose three-dimensional 
structure has been solved [41]. permitted the identification of 
the putative amino acid residues involved in the formation of the 
active site of mammalian sialidases. In fact, most of the active- 
site residues identified in S. typhimurium are conserved in NEU3 
as well as in the bovine counterpart, in NEU2, in the rodent 
enzymes (9 out of 13) and in the two lysosomal sialidases (8 out 
of 13). The differences are concentrated in the hydrophobic 
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residues (Trp-121. Trp-128 and Leu-175) that in the S. typhi- 
murium enzyme form the hydrophobic pocket accommodating 
the N-acetyl group of the sialic acid [41]. These discrepancies 
could reflect a different organization of the hydrophobic pocket 
and/or differences in substrate specificity. 


Expression analysis of the NEU3 gene 


To ascertain the expression level of the NEU3 gene, a dot-blot 
analysis was performed with a PCR product spanning the entire 
putative NEU3 coding region, by using a dot-blot containing 
poly(A)” RNA extracted from 50 different human tissues. After 
exposure overnight, expression was detectable in testis, skeletal 
muscle, adrenal gland and thymus; several other tissues gave 
faint signals (Figure 3). A 4-day exposure of the membrane 
revealed a ubiquitous expression of the gene in all the human 
tissues tested, with the lowest expression detectable in bladder 
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Figure Western blot analysis of COS7 cells transiently expressing NEU3- 
tagged protein 


Western blot analysis of protein samples (10 ug) obtained by calls transfected with pCDNAL 
NEU3 construct at different times after transfection pCDNAI vector alone was used as a control 
For each time after transfection, aliquots of crude homogenate (C), and of supamatant (S) and 
peliet (Р) obtained by ultracentrifugation, were analysed The biot was with anti-HÀ monoclonal 
antibody Detection of antibodies bound to HA epitope was performed with peroxidase- 
conjugated isotype-specific antibodies, followed by enhanced chemiluminescence developing 
reagents The positions of molecular mass markers are indicated at the left 


and uterus. In addition, NEUJ3 was expressed in human fetal 
tissues. 


Expression of NEU3 in 6087 celis 


To demonstrate that NEU3 encodes a sialidase, the entire ORF 
deduced from the cDNA sequence was amplified by PCR and 
subcloned into a mammalian expression vector (pCDL). The 
recombinant vector (pCDL-NEU3) was used to transfect COS7 
cells transiently. Crude homogenates from cells transfected with 
pCDL-NEUS or pCDL alone were tested for sialidase activity by 
using the artificial substrate 4-MU-NeuAc and the ganglioside 
GD1la. Transfection with pCDL-NEU3 gave rise to а 2.5-fold 
increase in the enzymic activity detected in the crude cell extract 
with the artificial substrate (Figure 4a). The enzyme had an 
extremely low pH optimum: the pH curve revealed detectable 
activity from pH 2.8 and a maximum at pH 3.8 (Figure 4b). 
NEU3 showed a higher activity towards ganglioside GD1a than 
4-MU-NeuAc (Figure 4a). In fact, in the presence of GDla 
ganglioside micelles, the detected increase in sialidase activity 
corresponded to approx. 90-fold that observed in the pCDL- 
transfected cells. 

To analyse the subcellular localization of NEU3-encoded 
sialidase, fractionation into soluble and particulate cell materials 
was performed by centrifugation, using as a starting material the 
crude homogenate of COS7 cells transfected with pCDL-NEU3. 
The experiments clearly demonstrated the particulate nature of 
NEU3 (Figure 4d): more than 95 % of the activity detectable in 
the homogenate was recovered. in the pelleted material. 

These results were confirmed by a Western blot analysis of 
COS7 cells transiently transfected with pCDNAI-NEU3. In 
these experiments, NEU3 cDNA ORF was subcloned into a 
pCDNAI mammalian expression vector, giving rise in transfected 
cells to a fusion protein (HA-NEU3) carrying the HA epitope in 


Table 1 Kinetic constants of NEU3 expressed in COS7 cells 


Aliquots corresponding to 25 ир of protein from the crude particulate fraction obtained by 
ultracentrifugation were used as enzyme sources Abbreviation: nd, not determined 


Substrate Presence of Triton X-100 Kax (M-units/mg) K (uM) 
GMI — nd 
+ nd 
GM3 — 125 166 
+ 92 4 158 
GD1a = 94 98 
+ 61.6 95 
6015 — 12 85 
+ 31 81 
GT1b = 67 130 
+ 179 125 
4-MU-NauAc v 7.6 143 





the N-terminal region. This tagged chimaera protein was easily 
revealed with a commercial monoclonal antibody against the HA 
epitope. A protein band with a molecular mass of approx. 
51 kDa, corresponding to the expected molecular mass of the 
tagged sialidase, was detectable in the 200000 g pelleted material 
of the transfected cells; its amount increased with the time after 
transfection (Figure 5). An additional band at 37 kDa was 
detected by the anti-HA antibody, with a much higher signal 
than the original transcribed chimaera protein. The finding that 
a longer transfection time led to an increase in the 37 kDa signal 
suggested that this protein band was related to a strong pro- 
teolytic degradation of the HA-NEU3. The presence of the 
degradation product in the soluble material might suggest a 
labile binding of the shortened polypeptide to the cell membranes. 
In addition, at 24 h after transfection, a novel band with a 
molecular mass of approx. 52 kDa was detectable in the crude 
homogenate and in the particulate fraction, possibly representing 
a modified form of the 51 kDa NEU3. Additional protein bands 
of approx 75 kDa were detected by the monoclonal antibody. 
The presence of the same bands in the cell fractions obtained 
from COS7 cells transfected with pCDNAJ vector alone (Figure 
5, left three lanes) indicated that they were unrelated to NEU3. 

Aliquots of the crude particulate fraction obtained from 
pCDL-NEU3-transfected cells were used to analyse the substrate 
specificity of the protein enzyme. Under the experimental con- 
ditions used to measure the kinetic parameters towards gangli- 
oside substrates, the endogenous sialidase activity detected in the 
particulate material of control COS7 cells transfected with pCDL 
vector was undetectable, as shown with the radiolabelled sub- 
strates GM3 and GDla, and a radiochromatoscanner as de- 
tection system (Figure 4c). The results are summarized in Table 
1. NEU3 hydrolysed all the gangliosides tested except СМІ, 
which seemed to be resistant, with similar К values. However, 
a comparison between the observed values of apparent V... 
showed that the enzyme acted preferentially on terminal sialic 
acid residues, linked to the oligosaccharide moiety with an «2-3 
sialyl linkage. In addition, the presence of Triton X-100 led to a 
strong increase in the enzymic activity, as demonstrated by the 
increase in apparent И_„„ observed with all ganglioside substrates. 


Mapping and gene structure 


Mapping assignment of NEU3 was performed with a set of 
primers (НЅІЕ and HSIR) located in the coding region (see the 
Experimental section) on the Radiation Hybrid mapping panel 
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Table 2 Splice-site junctions of NEU3 


Capital letters denote exonic sequences and lower-case letters intronic sequences. 


Exon size 
Exon number 5' splice site 3° splice site (bp) 
1 - TGCAGAgtgagcgggg 
2 AtccttacagAGGTCA GTACAGatgactcttc 211 
3 CcttgtctagTGGGGG - - 





Immunofluorescence localization of NEU3 


Figure 6 


COS7 cells were transfected with pCDNAI-NEU3 and grown for 24 h (A) and 48 h (B) betore 
lixation and immunofluorescence staining. Cells were lixed with paraformaldehyde and 
permeabilized with Triton X-100, then treated with anti-HA monoclonal antibody. Staining was 
performed with FITC-conjugated isotype-specilic antibodies. Magn. х 230 


Genebridge 4. The results obtained indicated that NEU3 maps to 
chromosome 11413 between markers D118916 and 01153966. 

To determine the genomic structure of NEU3, the RPCI-5 
PAC library was screened by PCR with the same set of primers 
as those used for the mapping. Two positive clones (919A14 and 
1039121) were identified and then used for direct sequencing with 
cDNA-derived oligonucleotide primers. The locations and se- 
quences of all exon-intron boundaries (Table 2) were therefore 
determined. 

NEUS gene is organized in three exons, with the ATG codon 
located in the second one. All the exon-intron junctions agree 
with the GT--AG consensus sequence. NEU3 and NEL? [12] 
share a similar gene structure with the ORF spanning only two 
exons, whereas the lysosomal enzyme seems to be more complex, 
with the gene organized into five exons [6]. 


Immunofluorescence localization of NEU3 


Immunofluorescence localization was studied in COS7 cells 
transiently transfected with pCDNAI-NEU3. Expression tested 
up to 72h after transfection gave an extensive cell-surface 
labelling. a staining pattern typically associated with. plasma 
membrane proteins (Figure 6). The membrane structures detected 
inside the cells can be related to NEU3-encoded protein travelling 
from the rough endoplasmic reticulum to the cell surface, as a 
consequence of the high expression level driven by the pCDNAI- 
NEU vector. 


DISCUSSION 

So far, three different types of mammalian sialidase have been 
characterized at the molecular level. They are the cytosolic, or 
soluble, forms [2.3.12,13]. the lysosomal form [4-9] and a plasma- 
membrane-associated protein from Bos taurus [14]. Here we 
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describe the molecular cloning and expression of a novel human 
sialidase, encoded by the NEU3 gene, that is highly similar to the 
bovine protein. 

Expression of the polypeptide in COS7 cells demonstrates the 
particulate nature of the enzyme. In fact, the enzymic activity is 
found associated with the membrane structures pelleted by 
ultracentrifugation. These results were confirmed by Western 
blot analysis, with a protein chimaera tagged at the N-terminus 
with the HA epitope. As already observed for HA-NEU2 [13]. 
the chimaera is catalytically inactive, suggesting a critical role of 
the N-terminus in correct protein folding and/or in active-site 
formation. The 51 kDa HA-NEU3 chimaera is detectable only in 
the particulate fractions. HA-NEU3 undergoes proteolytic de- 
gradation with high efficiency, as demonstrated by the detection 
of a large amount of a 37 kDa protein band. This phenomenon 
could be explained by the high content of foreign proteins 
induced by the expression vector promoter that could also result 
in a cytotoxic effect, and/or by the presence of the HA epitope 
on the protein chimaera. Immunofluorescence localization of the 
tagged polypeptide further demonstrates the distribution. of 
NEU3 at the cell surface. 

The primary structure of these mammalian proteins reveals the 
presence of amino acid motifs, such as the F(Y)RIP motif and 
Asp boxes, which are conserved in all sialidases cloned so far. 
Interestingly, the plasma-membrane-associated sialidase seems 
to be more similar to the cytosolic sialidases than to the lysosomal 
forms. This can be related to the substrate specificities of these 
three forms of sialidase. In fact, whereas the soluble forms 
showed high activity towards various gangliosides [42.43]. G9 is 
apparently unable to hydrolyse mixed gangliosides [6]. Recently. 
a lysosomal sialidase-mediated depletion of GM2 ganglioside in 
Tay-Sachs neuroglial cells was reported, demonstrating the 
activity of this lysosomal protein in riro towards ganglioside 
GM? [44]. This last finding suggests that the different degrees of 
sequence similarity between these forms of sialidases might be 
related to one or more different factors, not only to substrate 
specificities. Overall, a multiple alignment of the amino acid 
sequences of these mammalian polypeptides demonstrates that 
they belong to a unique protein family with highly conserved 
amino acid blocks throughout the primary structure. In addition, 
the presence in topologically equivalent positions of the F(Y)RIP 
motif, the Asp boxes and nine amino acid residues that are 
possibly involved in the active site suggests the existence of a 
common folding topology similar to the typical superbarrel or f- 
propeller described for the viral and microbial sialidases [1]. This 
picture strongly supports the hypothesis of a monophyletic 
origin of the sialidase enzymes. 

By using protease digestion of a protein chimaera tagged at the 
C-terminus with different antibodies, it was demonstrated that 
the bovine plasma membrane sialidase 15 a classical type | 
membrane protein, with the N-terminus exposed to the extra- 
cellular side of the lipid bilayer [14]. In this spatial arrangement 
the conserved Arg-25 residue, which is located within the YRIP 
motif, Arg-45, Asp-50, Met-87 and the other amino acids 
involved in the formation of the active site hydrophobic pocket 
are exposed at the cell surface and thus isolated from Glu-225, 
Arg-245, Arg-340, Tyr-370 and Glu-387, which are located in the 
portion of the protein exposed to the cytosol. From the structural 
and functional data collected so far. it is unlikely that a sialidase 
with these characteristics would show catalytic activity. In 
addition, the detection of the 37 kDa HA-NEU3 proteolytic 
degradation product in the soluble fractions obtained by ultra- 
centrifugation suggests a labile interaction of this polypeptide 
with the membranes. Therefore alternative model(s) must be 
found. One possibility is that NEU3, and its bovine counterpart. 
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are associated with the plasma membrane via a single hydro- 
phobic segment of 16—20 residues located within the 50 residues 
at the C-terminus and can either span the phospholipid bilayer or 
dip into the membrane in a loop structure. The Kyte—Doolittle 
hydrophobicity plot of the protein showed several hydrophobic 
regions; although those that are more consistent are located at 
the N-terminus and in the middle of the primary structure, a 
short segment can be found at the C-terminus (residues 369—387) 

Further experiments will be performed to elucidate this aspect of 
NEU3 biology. 

It is noteworthy that, despite the high similarity between 
NEU3 and the corresponding bovine protein [14], the results 
obtained by transfecting mammalian cells with the corresponding 
cDNA suggest different biochemical behaviours of the two 
enzymes. In fact, whereas the activity towards the artificial 
substrate 4-MU-NeuAc was practically identical in COS7 cells 
expressing the bovine membrane sialidase, under the same 
experimental conditions we observed a 2-3-fold increase on 
NEU3 expression with a more acidic pH optimum. However, 
the main differences are detectable on ganglioside substrates. The 
observed values of apparent V, indicate that the human enzyme 
hydrolysed ganglioside GM3 with higher efficiency, as reported 
for the bovine enzyme, but seemed to be much less active toward 
the gangliosides GT1b. Moreover, whereas the bovine enzyme 
showed a hydrolysis rate for the GDIb intermediate between 
those observed for GD1a and GT1b, NEU3 hardly acted on the 
a2-8 sialyl linkage of this ganglioside substrate. NEU3 activity 
towards the ganglioside substrate was increased by Triton X-100, 
demonstrating that further disaggregation of the membrane is 
important for substrate recognition. The detergent activation of 
membrane-bound sialidase has been already reported 1n human 
fibroblasts [45], neuroblastoma cells [21] and human brain tissue 
[46]. A rapid comparison of the substrate preferences of these 
different membrane-bound enzymes suggests a great molecular 
heterogeneity of these proteins. NEU3 is, for example, the 
enzyme with the most acidic pH optimum. The great variety of 
results available on membrane sialidase enzymes, together with 
the several biological roles of the gangliosides, makes the detailed 
characterization of these proteins an attractive field of study. 

Overall, the identification of the cDNA encoding NEU3 might 
contribute to a better understanding of the biological functions 
of the different members of the sialidase enzyme family. 
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Endothelial cells (EC) from diabetic BioBreeding (BB) rats have 
an impaired ability to produce NO. This deficiency 1s not due to 
a defect in the constitutive isoform of NO synthase in EC 
(ecNOS) or alterations 1n intracellular calcium, calmodulin, 
NADPH or arginine levels. Instead, ecNOS cannot produce 
sufficient NO because of a deficiency in tetrahydrobiopterin 
(BH,), a cofactor necessary for enzyme activity EC from diabetic 
rats exhibited only 12% of the BH, levels found in EC from 
normal animals or diabetes-prone animals which did not develop 
disease. As a result, NO synthesis by EC of diabetic rats was only 
18% of that for normal animals. Increasing BH, levels with 


INTRODUCTION 


Insulin-dependent diabetes mellitus is associated with severe 
cardiovascular complications which are responsible for most of 
the morbidity and mortality associated with this disease. These 
complications include coronary heart disease, hypertension, 
cerebrovascular disease, nephropathy, retinopathy, thrombosis, 
ischaemia and, through the reduction ш blood flow, neuropathy 
Much research has been devoted to understanding diabetic 
vascular disease. Enhanced production of vasoconstrictors or 
reduction in the synthesis of vasodilators could theoretically 
contribute to many of the vascular complications of long-term 
diabetes. Recently it has been shown that there 1s an impaired 
endothelium-dependent relaxation in diabetic patients [1-3] and 
in the spontaneously diabetic BioBreeding (BBd) rat [4-6], an 
animal model of human insulin-dependent diabetes mellitus [7]. 
Although the mechanism for this defect in blood vessels is not 
understood, it has been hypothesized that the abnormal endo- 
thelial function ш diabetic patients may be due to a defect ш 
the synthesis of NO [8], the so-called endothelium-dependent 
relaxing factor. 

The production of NO ts catalysed by the various isoforms of 
NO synthase (NOS). The constitutively active form of NOS 
found in endothelial cells (EC), ecNOS, requires arginine 
as a substrate and several cofactors (e.g. NADPH, calcium 
and tetrahydrobiopterin [(6.R)-5,6,7,8-tetrahydro-L-biopterin, or 
BH,D for normal activity. We have shown previously [9] that NO 
synthesis is impaired in coronary EC from the BBd rat. The 
defect responsible for this decreased NO synthesis was not 
elucidated. 

Currently, there is little information available ш the literature 
concerning NOS in diabetes mellitus. A few studies suggest 
normal or even enhanced levels of NOS protein and mRNA in 


sepiapterin increased NO production, suggesting that BH, 
deficiency 1s a metabolic basis for impaired endothelial NO 
synthesis in diabetic BB rats. This deficiency 1s due to decreased 
activity of GTP-cyclohydrolase I, the first and rate-limiting 
enzyme in the de novo biosynthesis of BH,. GTP-cyclohydrolase 
activity was low because of a decreased expression of the protein 
1n the diabetic cells. 


Key words: diabetes, GTP-cyclohydrolase, nitric oxide synthesis, 
vascular disease. 


diabetic animals or in EC exposed to high concentrations of 
glucose [10—12]. Indeed, we have shown normal NOS activity in 
EC homogenates [9], suggesting that there is no intrinsic defect 
in ecNOS from the BBd rat The fact that NO production in vivo 
or m vitro 1s reduced in spite of normal NOS activity (measured 
under optimal conditions) suggests that substrate or cofactor 
availability may be limiting for NOS ın EC. Therefore, the 
objective of the present study was to investigate whether a 
deficiency ın one or more of the cofactors of NOS is responsible 
for impaired NO synthesis in intact EC of the BBd rat. We 
demonstrate a marked decrease 1n BH, concentration in EC from 
the diabetic animals compared with EC from the non-diabetic 
animals. The concentration of BH, could be increased by 
treatment of the cells with sepiapterin, suggesting an intact 
salvage pathway for BH, synthesis. The BH, deficiency in the 
diabetic cells is the result of a reduced de novo synthesis of BH,, 
due to decreased GTP-cyclohydrolase activity 


EXPERIMENTAL PROCEDURES 
Reagents 


BSA, Dulbecco's PBS, Joklik's modified minimal essential me- 
dium, Dulbecco's modified Eagle’s medium, L-glutamine and 
penicillin/streptomycin/amphotencm В were obtained from 
Gibco-BRL (Gaithersburg, MD, U S.A ), Acetylated low-density 
lipoprotein labelled with 1,1'-dioctadecyl-3,3,3',3'-tetramethyl- 
indocarbocyanine perchlorate was from Biomedical Tech- 
nologies (Stoughton, MA, U.S.A.); fetal bovine serum was from 
Summit (Greeley, CO, U.S.A.); collagenase (type П) was 
from Worthington Biochemical (Freehold, NJ, U.S.A ); calmo- 
dulin and mouse anti-calmodulin antibody were from Upstate 
Biotechnology (Lake Placid, NY, U.S.A.); sepiapterin was from 


Abbreviations used BH, (6R)-5,6,7,8-tetrahydro-L-broptenn, EC, endothelial cells, NOS, nitric oxide synthase, ecNOS, constitutive isoform of NOS 


in EC, BBd, diabetic BioBreeding, BBn, non-diabetes-prone BioBreeding 
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Research Biochemicals (Natick, MA, U.S.A.) and heparin was 
from Elkins-Sinn (Cherry Hill, NJ, U.S.A.). 


Animais 


Diabetic (BBd), diabetes-prone and non-diabetes-prone (normal, 
BBn) BB rats were obtained from the Animal Resources Division 
of the Health Protection Branch (Ottawa, ON, Canada). Diabetic 
rats were maintained with daily subcutaneous injections of 2-4 
units of Ultralente 1nsulin (Eli Lilly, Indianapolis, IN, U.S.A ) to 
prevent hyperglycaemia, ketosis and hypoinsulinaemia as de- 
scribed previously [13]. BBd rats (95-100 days of age) 25—30 days 
post onset of diabetes and age-matched BBn rats were used as a 
source of coronary microvascular EC. Serum glucose concen- 
trations were determmed by an enzymic method involving 
hexokinase and glucose-6-phosphate dehydrogenase [13] and 
were found to be 5.64+0.43 and 6.17+0.68 mM (means + 
S.E.M., n = 30) for BBn and BBd rats, respectively, at the time 
of death. Diabetes-prone animals not developing diabetes within 
the usual time frame (70-100 days) were maintained until 150 
days of age to verify the absence of disease. 


Isolation and culture of microvascular EC 


Microvascular EC were 1solated from BBd, age-matched BBn, 
and diabetes-prone but normal BB rats (i.e those not developing 
the disease) by collagenase perfusion, using the method of Ford 
and Rovetto [14], as described previously by our laboratones 
[9,15]. EC were obtained free of smooth-muscle cells and 
myocytes. The endothelial identity of the cultured cells was 
confirmed by the uptake of modified low-density lipoprotein [16]. 
EC from three or four rat hearts were pooled into one gelatin- 
coated (1.5% in PBS) 60-mm culture dish. EC were cultured at 
37 °C under 10% CO, in Dulbecco's modified Eagle's medium 
containing 20 % fetal bovine serum, 2 mM L-glutamine, 20 mM 
D-glucose, 20 units/ml heparin, 1 mM sodium pyruvate, 100 
units/ml penicillin, 100 ug/ml streptomycin and 0.25 ug/ml 
amphotericin B. After the cells neared confluence, they were 
passaged using 0.25% trypsin and 0.02% EDTA and used 
at passages 5-15. No phenotypical changes were noted in the 
cells in this range of passage levels. 


NO synthesis by EC 


For the measurement of NO synthesis, EC were rinsed with PBS 
and cultured for 48 h in serum-free, Phenol-Red-free Dulbecco's 
modified Eagles medium containing 0.2 mM  r-glutamine, 
0 4 mM L-arginine, 20 mM p-glucose, 1 mM sodium pyruvate, 
100 units/ml penicillin, 100 ug/ml streptomycin and 0.25 ug/ml 
amphotericin B. At the end of the 48-h culture period, the 
conditioned media were used for the determination of nitrite and 
nitrate (two major stable end products of NO oxidation [17]) 
with NaNO, and NaNO, as standards, respectively, as described 
previously [18], using a microplate reader. In all experiments, 
culture medium incubated without cells was used as the blank 
Cells, harvested from the culture dish, were used for metabohte 
analysis and measurements of enzyme activity, as described 
below. 


HPLC analysis of cellular BH,, arginine and NADPH 


The cellular content of BH, was determined using a modification 
of the HPLC method of Fukushima and Nixon [19] in which EC 
(3 x 105) were lysed in 0.3 ml of 0.1 M phosphonic acid containing 
5 mM dithioerythritol (an antioxidant) and 35 ul of 2 M tri- 
chloroacetic acid. Arginine levels ın EC were measured by 
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HPLC as described previously [9]. Extraction of NADPH from 
EC and its analysis by HPLC were done as described previously 
[20], except that 1 mM bathophenanthroline-disulphonic acid (a 
bivalent metal chelator) was used to prevent oxidation of 
NADPH by iron [21] and NADPH was detected by a fluorimeter 
(excitation 340 nm, emission 460 nm) to improve sensitivity. 


Calcium measurement /n situ 


EC grown on coverslips were co-loaded with SNARF-1 and 
Fura-2 (Molecular Probes, Eugene, OR, U.S.A.) to simul- 
taneously measure intracellular pH and calcium concentration as 
we described previously [22,23]. Simultaneous measurements of 
these two ions is necessary because the K, of Fura-2 is affected 
by pH. We corrected for this interaction but, for the purposes of 
discussion, present only the Fura-2 data. 


Immunoblot procedure 


Cellular protein from BBd and BBn EC was loaded on to 
9.5-16% polyacrylamide gels. Separated proteins were blotted 
on to nitrocellulose and the blots were blocked with 5% non-fat 
dried milk in Tris-buffered saline with 0.1% Tween 20 (blocking 
buffer). For analysis of calmodulin, the primary antibody, mouse 
anti-bovine calmodulin (Upstate Biotechnology), was used at 
1 ug/ml in blocking buffer and the secondary antibody, borse- 
radish peroxidase-conjugated donkey anti-mouse IgG (Jackson 
Laboratories, West Grove, PA, U.S.A.), was used at 1: 75000 in 
blocking buffer. For analysis of GTP-cyclohydrolase I, primary 
antibody (prepared against purified rat recombinant GTP-cyclo- 
hydrolase J [24]) was diluted 1:10000 in blocking buffer and the 
secondary antibody, peroxidase-conjugated donkey anti-rabbit 
IgG (Jackson Laboratories) was used at 1:100000 in blocking 
buffer. Bands were visualized using SuperSignal® West Dura 
Extended Duration Substrate (Pierce, Rockford, IL, U.S.A.) 
according to the manufacturer’s directions with Kodak Biomax 
ML film (Kodak, Rochester, NY, U.S.A.). Blots were scanned 
using à UMAX S6E scanner (UMAX Data System, Hsinchu, 
Taiwan) with VistaScan software (Kodak) and analysed using 
Multi-Analyst software (BioRad, Hercules, CA, U.S.A.). 


Determination of GTP-cyclohydrolase activity 


GTP-cyclohydrolase activity in EC was determined as described 
by Viveros et al. [25]. The product of this enzymic reaction was 
converted into neopterin by alkaline phosphatase (1 unit/zl in 
50 mM MgCl; 10 units/tube). Neopterin was then analysed by 
HPLC as described by Fukushima and Nixon [19]. 


Statistical analysis 


Data were analysed by paired or unpaired t test using the SAS 
program [26]. Probability values of P < 0.05 were taken to 
indicate statistical significance. 


RESULTS AND DISCUSSION 


There are many pharmacological studies demonstrating impaired 
dilator responses to agonists 1n conduit and resistance blood 
vessels from experimental diabetic animals (see [27] for review). 
We have shown previously that coronary EC from the BBd rats 
are unable to produce as much NO as EC from non-diabetic 
rats [9]. The defect in the ability of these cells to produce NO, 
however, was not in the NOS enzyme itself. Instead, our earlier 
work suggested that ıt might be a deficiency ın the amount of a 
cofactor necessary for full activity of ecNOS [9]. 
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Table 1 Calcium, NADPH and arginine concentrations In BB rat EC 


EC from BBn and BBd rats were analysed for calcium, NADPH and arginine concentrations Data 
are means + S E M., with the number of axpenments given in parentheses, *P < 001, BBd 
versus BBn, as analysed by unpaired ¢ test 


EC Calemum (nM) NADPH (pmol/10 cells) Argine (nmol/109 cells) 
BBn 1334096 (24) 663454 (8) 2 88+023 (10) 
BBd 1525095 29) 1179+108 (8* 437 3-031 (10Y 





Table 2 BH, concentrations іп BB rat EC 


EC from BBn and BBd rats were analysed for BH, Data are means +S ЕМ, with the number 
of expenments given in parentheses *P < 001, BBd versus BBn, as analysed by unpaired 
Student's / test. TP< 001, group wth sepaptenn versus group with no зерарќепп, as 
analysed by paired f test 


BH, (pmol/105 cells) 
EC No seplapterin +10 4M Sepraptenn 
BBn 1 42 +0 22 (7) 321429 (4)T 
BBd 017+001 (5)* 299-+26 (4)T 





Figure 1 GTP-cyciohydrolase ! immunoblot 


Cellular protein from Sprague-Dawley rat Inver (lane 1, 5 zeg/tane, positive control), BBn EC 
(lanes 2 and 4, 30 ug/lane), and BBd EC (lanes 3 and 5, 30 ug/lane) was separated on a 
polyacrylamide gradient gel, biotted on to nitrocellulose and probed using a rabbit anti-rat GTP- 
cyciohydrolase | antibody The arrow indicates a protein band corresponding to а molecular 
mass of approx 29000 Da 


We investigated the intracellular concentrations of calcium, 
NADPH and calmodulin, all required for full activity of ecNOS 
[28]. Steady-state intracellular calcium concentrations in un- 
stimulated EC from BBd and BBn rats were not significantly 
different (Table 1) and thus would not account for the differences 


in NO production. The enzyme ecNOS oxidizes arginine to 
produce citrulline and NO in a process that consumes NADPH 
[28]. It is therefore possible that decreased NO production is due 
to decreased availability of NADPH in BBd EC. However, 
NADPH levels were significantly higher in the BBd EC compared 
with BBn EC (Table 1). This greater concentration of NADPH 
in BBd EC is consistent with increased activity of the pentose 
cycle pathway for NADPH provision in these cells (G. Wu and 
C. Meininger, unpublished work). Finally, calmodulin levels in 
BBd and BBn EC were not significantly different. Calmodulin 
levels were 2.80+0.13 ng/ug of protein in the BBn EC 
(means +S.E.M., n = 7) and 2.78+0.13 ng/xg of protein in the 
BBd EC (л = 6; calculated by comparison of absorbance of 
samples with that of a standard curve). These data suggest that 
adequate amounts of calcium, NADPH and calmodulin exist in 
the EC of diabetic animals to support NO production. 

Because decreased availability of substrate for ecNOS could 
also result in lowered production of NO, we measured arginine 
levels in the BBd and BBn EC. Arginine uptake was not different 
in the two cell types [9], yet intracellular arginine concentrations 
were significantly higher in the EC from diabetic animals (Table 
1). We have shown previously that arginase activity is decreased 
in the EC from BBd rats [9], which would account for the 
increase in intracellular arginine concentrations and would 
theoretically provide more substrate for NO production by 
ecNOS. Thus it is unlikely that the arginine substrate was 
limiting for NO production in the BBd EC. 

BH, plays an essential role in EC NO synthesis [29]. To 
determine whether the defect in NO production was due to a 
deficiency in this cofactor for ecNOS, we measured BH, levels 1n 
the EC. BBd EC exhibited only 12% of the BH, level found 
in BBn EC (Table 2). The levels found in the BBn EC were similar 
to those previously reported for EC from human umbilical veins 
[30]. Importantly, EC isolated from diabetes-prone BB rats that 
did not develop disease exhibited BH, levels equivalent to non- 
diabetes prone (ie. normal) BB rats (1.45 +0.36 pmol/10* 
cells; mean+S.E.M., n = 6). Equivalent levels were found 
in cells analysed immediately upon isolation from the animals 
without being cultured (1.51 +0.27 pmol/10* BBn EC versus 
0.22+0.03 pmol/10* BBd EC, n = 4, P < 0.01). These findings 
imply that the BH, deficiency is not simply an inbred defect in the 
diabetes-prone animals or the result of cell culturing but is 
somehow linked to the disease state 

BH, is produced in EC by two pathways: a salvage pathway 
which makes BH, from dihydrobiopterin in the cell and a de novo 
synthetic pathway which generates BH, from GTP [30]. 
Sepiapterin is taken up by EC and utilized in the salvage pathway 
to generate BH,. Treating EC from either the normal or diabetic 
rats with 10 2М sepiapterin resulted in a significant 1ncrease in 
BH, levels in the cells (Table 2). This result suggests that there 1s 


Table 3 Effect of septapterio on NO production In BB rat EC (pmol/h per 10° cells) 


EC from BBd and BBn rats were cultured In growth medium containing 0 2 mM t-glutamine for 48 h in the presence or absence of 10 М saprapterin Conditioned media were analysed for nitrite 
and nitrate concentrations as a measure of NO production Data are means SEM, n— В *P < 001, group with sepraptenn versus group with no sepraptenn, as analysed by paired + test 


ТР < 001, BBd versus BBn group, as analysed by unpaired ¢ test 


No seprapterin 

Nitrite Nitrate Nitrite + nitrate 
BBn 539441 2389-15 8 292 8 3-189 
BBd 17 3-191 351 +5 0T 52366} 


+10 uM Sepraptenn 

Nitrite Nitrate Nitrite + nitrate 
1074+67* 406 3 + 20 9° 5149 1-242" 
465-381  20612-1101* 2538-1351 
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no defect in BH, synthesis via the salvage pathway in BBd EC. 
To determine whether there may be a defect in de novo synthesis 
of BH, from GTP in BBd EC, we measured the activity of GTP- 
cyclohydrolase I, the first and rate-limiting enzyme in this 
de novo synthetic pathway [29]. Enzyme activity was higher 
(Р < 0.01) for BBn cells (0.624 0.2 pmol/mg per 90 min, 
mean t S.E.M., n = 5) than for BBd cells (0.072 +0.04 pmol/mg 
per 90 min, n = 5). When GTP-cyclohydrolase I levels were 
analysed by immunoblot, the amount of protein was found to be 
significantly higher in the EC from the non-diabetic animals 
(Figure 1). This decrease in enzyme expression would explain the 
deficiency in enzyme activity. Interestingly, BH, levels in the BBd 
EC were decreased to the same extent as the decrease in GTP- 
cyclohydrolase activity, consistent with the role of GTP-cyclo- 
hydrolase as the rate-limiting enzyme for de novo BH, synthesis. 
Thus the decrease in GTP-cyclohydrolase I activity is sufficient 
to account for the BH, deficiency in EC of diabetic rats. 

To investigate whether increasing intracellular BH, levels 
could enhance NO production in BBd EC, we cultured EC in the 
presence and absence of sepiapterin. We found that 10 uM 
sepiapterin increased the production of NO by both BBn and 
BBd EC (Table 3). In the absence of sepiapterin, EC from the 
diabetic animals made only 18% of the NO produced by EC 
from the non-diabetic animals. The addition of 10 4M sepiapterin 
increased NO production by BBd EC to a level approximately 
equal to that of BBn EC in the absence of sepiapterin. Sepiapterin 
increased NO production by BBn EC an additional 76%. 
Whereas sepiapterin treatment was able to normalize BH, levels 
in EC from diabetic animals (Table 2), the nitmte/nitrate 
accumulation by these cells was less than that of EC from non- 
diabetic animals treated with sepiapterin over the same time 
period (Table 3). This difference in nitrite/nitrate levels was 
probably the result of the time necessary for BH, levels to 
increase in order to augment NO production in the BBd EC. The 
BBn EC did not start with a deficit in BH, and therefore 
accumulated more nitrite/nitrate during the treatment period. 

In conclusion, we have shown a BH, deficiency in coronary EC 
from the diabetic BB rat due to a decreased expression of GTP- 
cyclohydrolase, the rate-limiting enzyme for de novo synthesis of 
BH,. With insufficient BH, the cells are unable to make sufficient 
NO. This BH, deficiency may be the metabolic basis for the 
heretofore unexplained observation that endothelium-dependent 
relaxation is impaired in diabetic animals as well as diabetic 
patients, and may contribute significantly to the pathogenesis of 
diabetic vascular complications. 
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p130 was originally identified as an Ins(1,4,5) P,-binding protein 
similar to phospholipase C-é but lacking any phospholipase 
activity. In the present study we have further analysed the 
interactions of p130 with inositol compounds im vitro. To 
determine which of the potential ligands interacts with p130 in 
cells, we performed an analysis of the cellular localization of this 
protein, the isolation of a protein-ligand complex from cell 
lysates and studied the effects of p130 on Ins(1,4,5) P,-mediated 
Ca** signalling by using permeabilized and transiently or stably 
transfected COS-1 cells (COS-1»??) Јн vitro, p130 bound 
Ins(1,4,5)P, with a higher affinity than that for phosphoinositides. 
When the protein was isolated from COS-1»!? cells by immuno- 
precipitation, it was found to be associated with Ins(1,4,5)P, 
Localization studies demonstrated the presence of the full-length 
p130 in the cytoplasm of living cells, not at the plasma membrane. 


INTRODUCTION 


It 1s now well established that the metabolism of phospho- 
inositides is important in a wide variety of cellular functions. The 
hydrolysis of PtdIns(4,5) P, by phospholipase C (PLC) yields the 
water-soluble messenger Ins(1,4,5)P,, which binds to specific 
Ca**-channel receptors and mobilizes intracellular Ca**, while 
the hydrophobic moiety, diacylglycerol, activates protein kinase 
C isoenzymes [1,2]. PtdIns(4,5)P, can also be phosphorylated by 
phosphoinositide 3-kinase (type 1) to form PtdIns(3,4,5)P,, a 
lipid product found in stimulated cells [3—5]. There is growing 
evidence that PtdIns(3,4,5)P,, and some other products of 
phosphoinositide 3-kinase activation, could bind directly to 
specific intracellular protein targets and thus act as second 
messengers [4,6]. 

Considerable effort, with a variety of experimental approaches, 
has been made to identify proteins that could bind phospho- 
inositides and inositol phosphates and thus participate in a 
signalling network via these second messengers [7]. One such 
potential protein target, designated p130, was isolated by using 
affinity chromatography with an Ins(1,4,5)P, analogue as a 


ligand [7,8]. Subsequent cloning of the cDNA encoding p130- 


In cell-based assays, p130 had an inhibitory effect on Ca** 
signalling. When fura-2-loaded COS-1»!?? cells were stimulated 
with bradykinin, epidermal growth factor or ATP, it was found 
that the agonist-induced increase in free Ca** concentration, 
observed in control cells, was inhibited ш COS-1»!?9, This 
inhibition was not accompanied by the decreased production of 
Ins(1,4,5) P,; the intact p130 pleckstrin homology domain, known 
to be the ligand-binding site in vitro, was required for this effect 
in cells. These results suggest that Ins(1,4,5)P, could be the main 
p130 ligand in cells and that this binding has the potential to 
inhibit Ins(1,4,5) P,-mediated Ca?* signalling. 


Key words: Ca** release, Ins(1,4,5)P, receptor, phospho- 
inositides. 


revealed extensive similarity with phosphornositide-specific PLC 
enzymes and, in particular, the PLC-é¢ family [9]. On the basis of 
the crystal structure of PLC-é1 [10], p130 protein is predicted to 
have the same domain organization, incorporating the pleckstrin 
homology (PH), EF-hand, catalytic and C2 domains [10a]. 
However, p130 has some distinct characteristics. It is a larger 
molecule than the PLC-é isoenzymes and unique regions are 
present at both the N-terminus preceding the PH domain and at 
the C-terminus. More importantly, the residues within the 
catalytic domain critical for PLC activity (Glu-390 and His-356) 
are not conserved in p130 [9]. As expected from a mutagenesis 
study of PLC-21 [11] it has been found that p130 does indeed lack 
PLC activity [7,9]. Other molecules with similarity to p130 have 
also been described and designated human PLC-L [12] and 
K10F12.3 gene product from Caenorhabditis elegans [13]. Otsuki 
et al. [14] recently isolated a novel cDNA from mouse brain 
library with a similarity of 70% to PLC-L; they therefore 
designated it mouse PLC-L,, calling the original PLC-L human 
PLC-L,. Furthermore, the gene for human PLC-L, has been 
reported by Kazusa DNA Research Institute [15]. All these 
proteins have characteristic N- and C-terminal extensions, and 
replacements of critical catalytic residues. Finding a similar 
molecule in a simple organism such as C. elegans suggests that 


Abbreviations used BK, bradykinin, COS-1?!9. COS-1 cells stably expressing p130, EGF, epidermal growth factor, GFP, green fluorescent protein, 
GFP-p130(F), GFP-fused full-length p130; GFP-p130(APH), GFP-fused p130 lacking the PH domain; GFP-p130PH, GFP-fused PH domain of p130, 
ІРЗА, Ins(1,4,5) P receptor, p130, a new ins(1,4,5) P4-binding protein with a molecular mass of 130 kDa, PH, pleckstnn homology, PLC, phospholipase 


C, SAX, strong anion exchange 
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this catalytically inactive branch evolved early and separated 
from other PLC families to form a new protein family. 

Further studies of p130 demonstrated that the PH domain of 
this molecule is responsible for binding inositol phosphates [16], 
a property that could be important for the function of the entire 
molecule. The functions of PH domains, present in more than 
100 proteins, have been extensively studied [6,17,18]. This stable 
structural entity incorporates variable regions that, in different 
proteins, can be adapted to perform a specific function through 
binding to phosphoinositides present in the membrane or specific 
proteins. Several recent examples illustrate that the function of 
some PH domains, which interact with phosphoinositides, is to 
regulate membrane attachment [19—23]. Interactions with inositol 
phosphates have also been reported for a number of PH domains 
[6,16,17,21,23]. However, inosito] phosphates have often been 
regarded as a mimic of the cytoplasm-exposed headgroup of the 
membrane-bound phosphoinositides, rather than as physiologi- 
cal ligands for these PH domains. A possible exception could be 
the PH domain of GAP1'*8? (GAP being GTPase-activating 
protein), which was, like p130, originally purified as mositol- 
phosphate-binding protein [with a K, for Ins(1,3,4,5)P, of 
approx. 6 nM] [24]. Subsequently, this protein was found to have 
Ras-GAP activity [25]. However, the function of Ins(1,3,4,5)P, 
binding to САР1!?*В? remains unclear. It could be required for 
the enhancement of GAP activity towards Ras or its functions 
could be related to Ins(1,3,4,5)P,-regulated Ca** entry. 

Here we describe studies aiming at the characterization of a 
potential physiological ligand for the p130PH domain and 
functional properties of p130. The results provide evidence for 
the involvement of p130, found exclusively in the cytoplasm, 
in the Ins(1,4,5)P,-mediated Ca?* signalling. They also suggest 
that a consequence of the binding of Ins(1,4,5)P, to the p130PH 
domain could be to sequester Ins(1,4,5)P, and therefore to 
prevent its interaction with the Ins(1,4,5)P, receptors and metab- 
olizing enzymes. 


EXPERIMENTAL 
Materials 


[?H]Ins(1,4,5)P, (specific radioactivity 777 GBq/mmol) and myo- 
[1,2-*H]inositol (specific radioactivity 2105 GBq/mmol) were 
obtained from Du Pont-New England Nuclear (Boston, MA, 
U.S.A ). phGFP-S65T and pEGFP-CI vectors (in which GFP 
stands for green fluorescent protein) were from Clontech (Palo 
Alto, CA, U.S.A.). LipofectAMINE® reagent and Geneticin 
(G418) were from Gibco BRL (Gaithersburg, MD, U.S.A.). 
Biotinylated or fluorescein-labelled goat anti-mouse IgG anti- 
bodies were from Amersham (Little Chalfont, Bucks., U.K.). 
Protein G-Sepharose was from Amersham Pharmacia Biotech 
(Uppsala, Sweden). An alkaline phosphatase staining kit was 
obtained from Pierce (Rockford, IL, U.S.A.). Lipids [phospha- 
tidylethanolamine, PtdIns and PtdIns(4,5)P,] were from Sigma 
(St Louis, MO, U.S.A.) Short-chain Ptdins(4,5)P, [(diC,} 
PtdIns(4,5)P,] and PtdIns(3,4,5)P, [(diC,)PtdIns(3,4,5)P,] were 
from Echelon Research Laboratory (Salt Lake City, UT, U.S.A.). 
Fura 2 (free acid), fura 2 acetoxymethyl ester and Ins(1,4,5)P, 
were from Dojindo Laboratory (Kumamoto, Japan). All other 
reagents were of the highest grade available 


Construction of plasmids for stable expression and cell culture for 
establishing COS-1"** calls 


p130 cDNA (pcMT3; see [9]) was subcloned into BCMGSneo. 
The BCMGSneo/p130 was transfected into COS-1 cells with 
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the use of LipofectAMINE reagent in accordance with the 
manufacturer's instructions and cultured in the presence of 
0.8 mg/ml G418. Stable transfectants were established by 
selection with G418 and cloning. 


Construction of plasmids for expression of GFP fusion proteins 


GFP fusion proteins of the full-length p130 [СЕР-р130(Р)], 
the PH domain deletion mutant [GFP-p130(APH)] and the 
p130 1solated PH domain [GFP-p130PH] were constructed with 
the phGFP105-C1 and phGFP105/Sse vectors, modified from 
phGFP-S65T vector by changing several amino acids of GFP to 
enhance the fluorescent intensity [26]. To construct GFP- 
p130(F), the phGFP105-C1 vector was digested with EcoRI, 
followed by treatment with Klenow fragment for end-filling; it 
was then digested with XhoI again. The p130 cDNA, pcMT3 [9], 
was digested with HindIII (end-filling) and XhoI; the purified 
insert was ligated into phGFP105-Cl. GFP-p130(APH) and 
GFP-p130PH was constructed as follows: the Smal fragment of 
pcMT3 was introduced into the phGFP105/Sse vector digested 
with Smal; the BamHI (end-filling) and SmaI fragments of 
pcMT3 were inserted into phGFP105-C1 vector digested with 
Xhol (end-filling). To construct СЕР-РІС-21 E341A, the full- 
length PLC-é1 E341A as a glutathione S-transferase fusion 
protein [11] was digested with BamHI and Smal; the resultant 
fragment was subcloned into pEGFP-C1 vector digested with 
BgilI and Smal. For construction of the PLC-é1 PH domain as 
a GFP fusion protein, a pGEX-2T plasmid encoding the N- 
terminal part of PLC-é1 (amino acid residues 1-290) [19] was 
digested with BamHI and EcoRI; the fragment was subcloned 
into pEGFP-C1 vector digested with Bg/II and EcoRI. GFP- 
PKB/Akt PH domain plasmid was generated by using a PCR 
fragment of bovine PKB/Akt encoding the N-terminus (residues 
1-147) and subcloning into pEGFP-C1 vector. 


Transfection and microinjection of GFPs for cell localization 
studies 


COS-1, NIH 3T3 and Madin-Darby canine kidney (MDCK?) 
cells, cultured in Dulbecco’s modified Eagle’s medium with 10% 
(v/v) fetal bovine serum, were transiently transfected with 
LipofectAMINE Plus reagent, in accordance with the manu- 
facturer’s protocol Procedures for the microinjection of MDCK 
cells were essentially the same as described previously [19]. 


immunostaining with monoclonal antibody against p130 


COS-1??? cells were grown on a glass coverslips for 24 h The 
cells were rinsed in PBS and fixed for 30 min in 4% (w/v) 
paraformaldehyde. All steps were performed at room tempera- 
ture; coverslips were rinsed in PBS between each of the steps. 
Cells were permeabilized 1n PBS containing 0.2% (v/v) Triton 
X-100 for 20 min; p130 was detected with monoclonal anti-p130 
antibody (2F9) and either FITC-conjugated goat anti-mouse 
IgG or biotinylated monoclonal antibody (biotin-2F9) and 
FITC-conjugated avidin. The coverslips were examined for 
fluorescent images with a Zeiss axiophot microscope using Zeiss 
40x1.3 and 63x 1.4 oil immersion objectives Untransfected 
COS-1 cells ог mock-transfected COS-1 cells were used as a 
control. 
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Figure 1 Binding of inositol compounds 


(A) Displacement of (H)Ins(1.4,5)P, bound to p130 (left panel) and the p130PH domain (right panel) by Ins(1,4,5)P, (@) and water-soluble short-chain (diC,)Ptdins(4.5)P, (O). (B) Binding 
of p130 (left panel) and p130PH domain (right panel) to liposomes containing naturally occurring Ptdins(4.5)P,. Lanes marked S and P indicate supernatant and precipitate after centrifugation 
respectively. (C, D) Binding specificity of p130 (C) and PLC-41 ЕЗАТА (D). For displacing [°H}Ins(1,4,5)P,, unlabelled Ins(1.4.5)P,. (diC,)Ptdins(4.5)P, and (diC,)Ptdins(3,4.5)P, were used. Each 
result is the mean + S.E.M. for five to seven experiments. 


Protein expression and purification baculovirus expression system was employed, with the use of 
standard procedures, and the fragment encoding p130 was 


Expression and purification of the full-length PLC-31 E341 A and subcloned into pAcHLT-B vector in frame with the His, tag. The 
PLC-4] PH domain constructs were as described previously recombinant PH domain of p130 was prepared as described 
[11.19]. To prepare the full-length p130 (residues 1-1096). a previously [16]. 


© 2000 Biochemical Society 


360 H. Takeuchi and others 



































p130 f.l. p130 PH 

PLCó1 (E341A) f.l. PLCó1 PH 

p130 f.l. p130 f.l. + NGF 

PKB/Akt PH PKB/Akt PH + NGF 
Figure 2 Cellular localization studies of p130 
(A) The localization of the GFP fusion protein of the tullengin 9130 (p130 11) and the isolated PH domain (p130PH) and orrespongding constructs of PLC-41 [PLC-d1 (E341A) 11 and PLI 
1 PH domain respectively] was monitored after microinjection of the plasmids into MDCK cel The images were recorded 2.5 h after mii oimjection. Experiments wert repeated at least 10 times 
giving essentially the same results. (B) Localization of the full-length p130 GFP fusion protein (p130 11.) in the PC12 cells was analysed 2.5 h after microiniectior ind images were recorded before 
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Binding assay of recombinant proteins to [PH] ins(1,4,5)P, or to 
liposomes 


The [*H]Ins(1,4,5) P, binding assay was performed as described 
previously [27], except that the pH was 7.4. Binding to liposomes 
was assayed with the method described previously [28]. 


Measurement of changes In free Са?" concentration of the Intact 
celis 


Intracellular free Ca** concentration was measured in COS-1 
cells by using an Attofluor digital fluorescence microscopy system 
in combination with fura 2 (Atto Instruments, Rockville, MD, 
U.S.A.). Cells were loaded with fura 2 by incubation with fura 2 
acetoxymethyl ester for 20 min at room temperature, then for a 
further 20 min at 37 °C. For measurement with control COS-1 or 
COS-]?!?9, fura 2 was excited alternately at two wavelengths (340 
and 380 nm) and the fura 2 fluorescence from a single cell was 
measured. For measurement with COS-1 cells transfected with 
the GFP-fused version of p130, successful transfection of the 
plasmid into the cell was confirmed by GFP fluorescence. Fura 
2 fluorescence from a single cell in the same microscopic field was 
measured. Thus it was possible to measure Ca** concentrations 
from only the vector-transfected, GFP-positive cells. All exper- 
iments were performed at room temperature (20—25 °C). 


Measurement of production of Ins(1,4,5)P, 


The cellular content of Ins(1,4,5)P, was measured by a radio- 
receptor competition assay by the method of Palmer et al. [29]. 
Cell labelling experiments were also performed with the method 
described by Shears [30], with a minor modification for the 
separation of labelled inositol phosphates by a strong anion 
exchange (SAX) column (Whatman) mounted on an HPLC 
system. 


Assay of Ca^* release from permeabilized calls by Ins(1,4,5)P, 


The procedures for obtaining and analysing permeabilized COS- 
1 cells were essentially the same as those previously described for 
other cell types [31]. The COS-1 cells were harvested 4—5 days 
after plating, then permeabilized with saponin. Ca?* uptake and 
release by saponin-permeabilized cells were assayed as described 
previously [31]. 


Assay of 1ns(1,4,5)P,-metabollzing activity 


Assays of Ins(1,4,5) P, metabolizing enzymes were performed as 
described previously, with recombinant enzymes [8]. 


Binding of inositol phosphate in living celis to p130 


COS-1°!* cells were incubated for 48 h in inositol-free medium 
supplemented with myo-['H]inositol (50 ,Ci/ml) and dialysed 
fetal bovine serum. The labelled cells were stimulated with 
bradykinin (BK) or epidermal growth factor (EGF) and then 
lysed with a buffer containing 1% (v/v) Triton X-100/50 mM 
Hepes/NaOH (pH 7.2)/150 mM NaCl/S5mM EDTA. After 
centrifugation at 12000 g for 30 min at 4°C, the resulting 
supernatant was incubated with 20 ug/ml anti-p130 monoclonal 
antibody (2F9), followed by the addition of 20 ul of a 50% (w/v) 


slurry of Protein G-Sepharose for 2 hat 4 °C. Immunoprecipitate 
was treated with 595 (w/v) trichloroacetic acid to release the 
radioactivity bound to p130 After neutralization of the sample, 
ıt was analysed by applying to a SAX column as described above. 


RESULTS 


Purified p130 and its Isolated PH domain have a preference for 
1ns(1,4,5)P, over Inositol lipids 


The Ins(1,4,5) P,-binding properties of p130 have previously been 
mapped to the N-terminus containing the PH domain [16]. 
Further characterization has also been performed with different 
inositol phosphates [32]. To compare the binding of p130 to 
both inositol phosphates and inositol lipids, short-chain water- 
soluble (diC,)PtdIns(4,5)P, was directly compared with 
Ins(1,4,5)P, in competition experiments with radiolabelled 
PH]Ins(1,4,5)P, (Figure 1A). Both the full-length p130 and the 
N-terminal construct containing the PH domain had a higher 
binding affinity for Ins(1,4,5)P, than for PtdIns(4,5)P,. (Pre- 
viously we reported that the 1solated PH domain of p130 showed 
approx. 3500-fold lower affinity for Ins(1,4,5) P, than did the full- 
length p130 [16]. We later noticed that this was simply because of 
the pH when assayed. At pH 7.4, which was used in the present 
study, only an approx. 10-fold difference in the apparent affinity 
was observed (Figure 1A). An alkaline pH (e.g. pH 8.3, used 
previously) significantly decreased the affinity of the isolated PH 
domain but not that of the full-length p130} Calculated K, 
values for the full-length p130 were 3 nM for Ins(1,4,5)P, and 
100 nM for PtdIns(4,5)P,. Binding to PtdIns(4,5)P,, isolated 
from natural sources, incorporated into liposomes was also 
observed for both the full-length p130 and the isolated PH 
domain. Figure 1(B) shows a typical SDS/PAGE pattern of the 
pellets and supernatants obtained with p130 and the PH domain 
and a summary of the liposome binding study. Although some 
protein was found in the pellet even in the absence of liposomes 
(lanes labelled ‘none’) [28] and associated with liposomes con- 
taining phosphatidylethanolamine or PtdIns, the inclusion of 
PtdIns(4,5)P, into liposomes resulted in a significant increase in 
the amount of bound protein. Binding of PLC-é1 to PtdIns(4,5)P, 
was also confirmed with the same assay (results not shown). 

The binding properties of full-length p130 were directly 
compared with those of full-length PLC-é1 E341A by using 
Ins(1,4,5)P, and short-chain (diC,)PtdIns(4,5)P, and (diC,)- 
Ptdins(3,4,5)P, as ligands. The mutation E341A in PLC- 
81 greatly decreases PLC activity from approx. 1000 units/mg, 
determined for the wild type, to 0.004 unit/mg [11]. This virtually 
catalytically inactive mutant was therefore suitable for com- 
parison with p130, preventing the hydrolysis of PtdIns(4,5)P,. As 
shown in Figures 1(C) and 1(D), p130 bound all three ligands 
more strongly than did PLC-é1. Furthermore, differences in 
relative specificities have been observed. A preference for 
Ins(1,4,5)P, over PtdIns(4,5)P, or PtdIns(3,4,5)P, was clearly 
demonstrated for p130 (30-fold or 130-fold respectively), whereas 
PLC-é1 demonstrated similar binding to both Ins(1,4,5)P, 
and Ptdins(4,5)P, (Figure 1D). However, PLC-é1 bound 
PtdIns(4,5)P, preferentially when compared with PtdIns(3,4,5)P, 
(30-fold difference), while p130 showed less selectivity. 


and after the addition of nerve growth factor (NGF) for 10 min The same conditions were used to analyse the localization of the GFP fusion protein of the PKB/Akt PH domain (C) The localization 
of p130 In the stably transfected cell line COS-19 9 was revealed with a monoclonal anti-p130 antibody Experiments were repeated at least five times, giving essentially the same results (D) 
Staining of PC12 cells with a monoclonal ant-p130 antibody Experiments were repeated at least three times, giving essentially the same results 
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p130 is present in the cytoplasm 


The ability of a number of PH domains to interact with 
phosphoinositides has been related to membrane localization 
[19.23]. To test the localization of p130, the microinjection 
or transfection of expression plasmids encoding GFP fusion 
proteins has been performed in several cell lines. Figure 2 shows 
a direct comparison of GFP-p130(F) and GFP-p130PH with the 
corresponding constructs of PLC-41. Localization of all con- 
structs was monitored after microinjection into MDCK cells. 
As assessed by GFP fluorescence, the preferential localization 
of GFP-p130PH to the plasma membrane was observed, whereas 
GFP-p130(F) was found throughout the cytoplasm (Figure 2А). 
In contrast, membrane localization could be detected for both 
the full-length E341A and the PH domain of PLC-41 protein 
(Figure 2A). This observation was confirmed by using other cell 
types (COS-1 and NIH 3T3) in transient transfection experiments 
(results not shown). 

Because p130 also binds PtdIns(3.4,5) P, with a high affinity 
(Figure IC), we tested whether stimulation of cells, leading to 
the activation of type 1 phosphoinositide 3-kinase, could cause the 
translocation of p130 to the membrane. Using the PH domain of 
PKB/Akt as a positive control, we demonstrated that this did 
not occur (Figure 2B). 

In addition to GFP fluorescent studies, we performed immuno- 
staining of p130 with a monoclonal anti-p130 antibody. Because 
COS-1 cells contain no endogenous p130, COS-1 cells stably 
expressing p130 (COS- |???) were established. As shown in Figure 
2(C). expressed p130 was abundant in the cytoplasm; no en- 
richment at the plasma membrane was observed. PC12 cells, the 
only cell line containing endogenous pl30 among cell lines 
described in this study (PCI2, MDCK, COS-1, NIH 3T3, rat 
basophilic leukaemic cells), also exhibited preferential local- 
ization in the cytoplasm as assessed by immunostaining (Figure 
2D). indicating that the presence of p130 in the cytoplasm 
observed after transfection or microinjection was not caused by 
artificial or forced expression of p130. (We have found recently 
that GH3 cells also contain endogenous p130.) 


Addition of p130 to permeabilized cells inhibits Ins(1,4,5)P,- 
triggered Ca^' release 


Studies of cellular localization demonstrating the presence of 
p130 in cytoplasm, and the ability of p130 to bind strongly to 
Ins(1,4,5)P,, suggested that it might be involved in the regulation 
of inositol signalling through binding to the soluble inositol 
phosphates rather than inositol lipids in the membrane. To test 
this possibility, Ca*' release in response to the addition of 
Ins(1,4,5)P, was analysed by using reconstitution experiments 
with permeabilized COS-1 cells (Figure 3). Permeabilized COS- 
| cells were incubated in the presence of ATP and NaN,. ап 
inhibitor of mitochondrial Ca** accumulation, but in the absence 
of EGTA and exogenously added Ca*’. Thus the endoplasmic 
reticulum of permeabilized cells accumulated the water-con- 
taminating Ca** with the coupling of ATP hydrolysis. The 
amount of Ca** outside the endoplasmic reticulum was monitored 
by the fluorescence changes of fura 2. The addition of ATP 
together with Мр?” caused a decrease in the fura 2 fluorescence 
due to the decrease in the Ca** concentration, as shown in Figure 
3(A). Neither ATP nor Ме?” alone could cause the observed 
decrease in fluorescence, demonstrating that the decrease in the 
fluorescence was most likely to have been due to the accumulation 
of Ca*' in the endoplasmic reticulum of permeabilized cells 
coupled to ATP hydrolysis. The sequential addition of 
Ins(1.4,5)P, caused a stepwise increase in the fluorescence, 
demonstrating that Ins(1,4,5)P, triggered a dose-dependent re- 
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Figure 3  1ns(1,4,5)P,-mediated release of Ca?’ from permeabilized COS-1 
cells 


(A) Ca^* accumulation and release trom permeabilized COS-1 cells were monitored with fura 
2. At 7 min after the addition of ATP, increasing concentrations of 1ns(1,4,5)P, were added 
sequentially to monitor the release of Ca^*. Additions are indicated by arrows. (B) The Са?" 
assay mixture included various concentrations of recombinant PH domain of p130. Each point 
represents the mean of two determinations with a different preparation of permeabilized cells : 
100% Ca** release was taken as that seen with 10 М Ins(1,4,5)P,. Symbols: @, control; 
©, 0.6 uM p130PH domain: A. 6 «М p130PH domain; C). 60 М p130PH domain. (C) 
Inhibition of 0.3 ИМ Ins(1,4,5)P,-mediated Ca^* release by PH domains from p130 and PLC- 
61, or by SH2 domains. Each result is the mean for two determinations, relative to the Ca^* 
release caused by 0.3 «М Ins(1,4,5)P, (taken as 100%). 


lease of Ca** accumulated in the endoplasmic reticulum (Figure 
3A). When the recombinant PH domain of p130 at various 
concentrations (0.6-60 4M) was included in the assay mixture, 
the dose-dependent release of Ca*' by Ins(1.4,5) P, shifted to the 


КА 


Inhibition of Ca?* signalling by p130, a novel Ins(1,4,5)P,-binding proteln 


363 





A 
О, 
o6 
5 
zi 
$ |! Y 
= 
ms là 
B 1 min 
8 
8 


A[Ca?*], response (nM) 


100 1000 


Bradykinin (nM) 


C 


о changes of [Ca?*], 


A[Ca?*], response (nM) 


10 100 1000 10000 


EGF (ng/ml) 


01 1 


Figure 4 Effects of extracellular stimulation with either BK (A, B) or EGF (C, D) on the change in free ба?” concentration ([Ca^*]) of COS-1"* 


Control calls (left traces) or COS-1°'™ (right traces) were stimulated with BK (A) or EGF (C) after being loaded with fura 2 Arrowheads Indicate the addition of agonist The traces are representative 
of more than 300 calls examined (B, D) The respective dose-response relationships Symbols @, control celis, С), COS-1P3* Each point is the mean + SEM for at least five determinations 


right (Figure 3B). This shift was correlated with the amount of 
PH domain added, demonstrating that the PH domain of p130 
was able to compete with the receptor involved in the Ca** 
release for the Ins(1,4,5)P,. Figure 3(C) also shows some in- 
hibition of Ca?* release by the PH domain of PLC-#1 at high 
protein concentrations, presumably due to the binding of added 
Ins(1,4,5) P,. This observation is consistent with the previous 
studies of PLC-21 PH domain demonstrating that Ins(1,4,5)P, 
can compete for PtdIns(4,5)P, binding in permeabilized cells 
[33], and a recent study suggesting Ins(1,4,5)P,-mediated mem- 
brane detachment of PLC-21 PH domain after the microinjection 
of Ins(1,4,5)P, [23]. However, the potency of the PLC-é] PH 
domain in inhibiting Ca** release was much lower than that 
observed for the p130PH domain. This is in agreement with a 
higher binding affinity of p130 for Ins(1,4,5)P, and its preference 
for Ins(1,4,5)P, over PtdIns(4,5) P, observed in binding studies in 
vitro (Figure 1). In addition, recombinant SH2 domains of Shc 
and the 85 kDa subunit of type 1 phosphoinositide 3-kinase, 
proteins of similar molecular mass to the p130PH domain that 
are incapable of binding Ins(1,4,5)P,, were also examined and 
had no effects on the Ca?* release (Figure 3C). 


p130 Inhibits the agonist-induced rise in Ca** concentrations 
when expressed in COS-1 cells 


Further experiments were performed with COS-1 cells stably 
expressing p130 (COS-1»!?9), To determine the concentration of 
p130 in this cell line, a direct comparison with PC12 cells 
containing endogenous p130 and known amounts of purified 


p130 was performed. The calculated concentration of p130 
expressed in COS-1?!*? (40-- 6 uM) was approx. 5-fold that of 
the endogenous p130 present in PCI2 cells (8+1 uM). As 
described previously, in control COS-1 cells we were unable to 
detect any p130 protein. 

To analyse the involvement of p130 in Ca** signalling, three 
extracellular agonists were chosen: BK and ATP as stimu- 
lators of PLC-f isoforms, and EGF as a stimulator of the 
y-isoforms of PLC. COS-1 cells lack the д subtype of PLC as 
assessed by Western blotting with a specific polyclonal antibody 
(T. Kanematsu, H. Taneuchi and M. Hirata, unpublished 
work). 

After the loading of cells with fura 2, COS-1°* and control 
COS-1 cells were stimulated with either BK or EGF and changes 
in free Ca** concentration were monitored, in the absence of 
extracellular Ca**, indicating that the increase in free Ca** 
concentration was a reflection of the release from intracellular 
store site(s), most probably the endoplasmic reticulum. The 
increase in free Са?+ concentration caused by either BK ог EGF 
was lower in COS-1°"*° than in control cells (Figure 4). A trace 
from a single cell shown in Figures 4(A) and 4(C) 15 representative 
of more than 80 % of over 300 cells examined. The dose-response 
curve to increasing concentrations of BK and EGF was also 
shifted to the right in COS-1*?!*? (Figures 4B and 4D). A higher 
concentration of BK (1 uM) restored the Ca** response to the 
maximal level, whereas the decrease іп Ca** response caused by 
EGF was not restored to the control level even at 1000-fold 
higher agonist concentrations. The Ca?* response in the cells 
stimulated with ATP through the P2-purinergic receptor was 
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The production of Ins(1,4,5) P, in control (€) or 09-19180 ( cells stimulated with BK at 100 nM (A) or EGF at 100 ng/ml (B) was measured by a radio-receptor competition assay Each 
point is the mean SEM for at least five determinations. (C, D) The determination of Ins(1,4,5)^, after labelling of cells and the separation of ['H]nosto! phosphates by a SAX column of the 


cellular extract from contro! (C) or COS-1?99 cells (D), either non-shmulated (©) or stimulated with 100 nM BK for 60 s (Ф) The results are expressed as percentages of total [?H]inositol , . 


Incorporated into inositol phosphates and phospholnositides, and are representative of five experiments Note that the radicactiwibes of Ins(1,4,5) P, in both non-stimulated and BK-stimulated contra! 


cells were lower than those in COS-1°! celis, consistent with the measurements descnbsd In (А) 


also inhibited, as in cells with EGF stimulation (results not 
shown). 


Decrease In agonist-induced Ca** concentration Increase in COS- 
1*9 is not caused by inhibition of Ptdins(4,5)P, hydrolysis 


The possibility of an inhibitory interaction at the level of 
PtdIns(4,5)P, hydrolysis and Ins(1,4,5)P, production was ana- 
lysed by measurements of total Ins(1,4,5)P, concentrations in the 
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control and COS-1?!?? cells stimulated with BK or EGF. Con- 
sistent results were obtained with two different methods (Figure 
5). The radio-receptor competition assay (Figures 5А and 5B) 
demonstrated that the production of Ins(1,4,5)P, was not in- 
hibited (rather, a slight enhancement was observed) in COS-1"**° 


cells stimulated with BK or EGF. The measurements made with ` 


the standard separation of radiolabelled inositol phosphates 
showed a similar accumulation of [*H]Ins(1,4,5)P, in cells stim- 
ulated with BK (Figures 5C and 5D). Stimulation with EGF was 
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Figere 6 Effect of p130 оп Ins(1,4,5)P, metabolism by Ins{1,4,5)P,-5- 
phosphatase (A) or Ins(1,4,5)P,-3-kinase 


Recombinam enzymes were mcubated in the presence of Increasing amounts of p130PH 
domain as described in the Materials and methods section Each point is tha mean -+ S.E.M. 
for at least five determinations. 


Ei 


also performed and gave essentially the same results in the 
labelling experiments. The basal level of Ins(1,4,5)P, in COS- 
19130 was 1.5~2-fold that in the control cells, whereas the amount 
of Ins(1,4,5)P, produced after stimulation with BK or EGF was 
slightly higher than that in the control cells. In addition, a return 
to the basal level of Ins(1,4,5)P, produced by the stimulation 


‘was: hardly observed, particularly.:after. stimulation with BK. 


Although the basal level of Ins(1,4,5)P, in COS-1?? was 
maximally 2-fold that in the control cells, the basal concentration 
of free Ca** in COS-1°1*° was the same as that seen in the control 
cells (results not shown). This was probably due to the com- 
petition for the binding of Ins(1,4,5)P,, between p130 and the 
Ins(1,4,5)P, receptor on the endoplasmic reticulum. A similar 
explanation could apply to the inhibition of metabolism by p130 
after agonist stimulation. The formation of a stable complex 
between Ins(1,4,5)P, and p130 might prevent not only the 
interaction with the receptor, as suggested by Figures 3 and 4, 
but also its further metabolism by either or both of Ins(1,4,5)P,- 
5-phosphatase and Ins(1,4,5)P,-3-kinase or other effects attrib- 
uted to this inositol phosphate. 


To test the possibility described above, we examined the effect 
of the p130PH domain on Ins(1,4,5)P, metabolism by 
Ins(1,4,5) P,-5-phosphatase and 1ns(1,4,5)P,-3-kinase. Recom- 
binant 5-phosphatase and 3-kinase enzymes were analysed in 
vitro with ['H]Ins(1,4,5)P, as a substrate in the presence of 
various amounts of the p130PH domain. As shown in Figure 6, 
the p130PH domain inhibited both Ins(1,4,5) P,-5-phosphatase 
(Figure 6A) and Ins(1,4,5) P,-3-kinase (Figure 6B) activity in a 
dose-dependent manner. 


Ins(1,4,5)P, Is bound to p130 In cells 


In vitro, p130 1s also able to bind to other inositol polyphosphates 
(InsP, and InsP,), which are abundant in the resting cells [7,34], 
indicating the possibility that the binding capacities of cellular 
p130 are saturated by these inositol polyphosphates inside cells. 
However, the affinities for these inositol polyphosphates were 
approx. 100-fold lower than that for Ins(1,4,5)P, [7], indicating 
that above notion is unlikely. To obtain direct evidence that 
cellular p130 forms a complex with Ins(1,4,5)P, in living cells, 
COS-1°"*° cells were labelled with myo-PH]inositol. Cellular 
p130 was subsequently immunoprecipitated from the lysate of 
the labelled cells. Analysis of the protein content of the immuno- 
precipitates (Figure 7A) shows that p130 was a major protein. 
Labelled inositol phosphates bound to p130 were then analysed 
(Figure 7B). Under standard conditions of immunoprecipitation, 
Ins(1,4,5)P, was clearly identified as one of the peaks of 
radioactivity. Peaks of the abundunt free inositol and InsP could 
also be detected but were completely removed by stringent 
washing and therefore represented contamunants in p130 
immunoprecipitates. The immunoprecipitation of p130 was not 
quantitative; five experiments performed under stringent con- 
ditions provided a minimum value for bound Ins(1,4,5)P,. When 
cells were stimulated with BK, the radioactivity of only 
Ins(1,4,5)P, bound to p130 increased up to 2-fold, supporting a 
possibility that cellular pi30 sequesters 1ns(1,4,5) P, produced in 
response to cell stimulation. 


PH domain Is required for the effect of p130 on Ca** signalling 


To examine whether the PH domain of p130 is involved in the 
decrease in the Ca** response as shown in Figure 4, GFP-p130(F) 
and GFP-p130(APH) were made. The use of GFP-fused proteins 
permitted the identification of living cells that expressed p130 in 
a transient expression system. After the transfection of COS-1 
cells with the plasmid harbouring GFP-p130(F) or GFP- 
p130(APH), cells were loaded with fura 2 for Ca** measurement 
and then revealed by fluorescent microscopy. Almost all cells 
were fluorescent for fura 2, whereas approx. 30% of cells were 
transfected and fluorescent for GFP. Stimulation of COS-1 cells 
was performed with BK, EGF and also with ATP through P2- 
purinergic receptors with essentially the same results; responses 
to stimulation of the P2-purinergic receptor are summarized in 
Figure 8. The increase in free Ca?* concentration in response to 
ATP was observed in COS-1 cells that were fluorescent only for 
fura 2 (Figure 8A) and was similar to Ca** responses in 
untransfected COS-1 cells (results not shown). Figures 8(B)-8(D) 
show the ATP-induced Ca** response in cells with GFP alone, 
with GFP-p130(F) and with GFP--p130(APH) respectively. Ca** 
responses were not altered by GFP alone, whereas GFP-p130(F) 
caused 70—80 % inhibition, as expected from results in COS-1»!3 
cells. In contrast, GFP—p130(APH) was not capable of mediating 
such a decrease in Ca** responses. Figure 8(E) summarizes these 
results, showing clearly that the inhibition of the Ca** response 
required the presence of the PH domain of p130. 
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Figure 7 Immunoprecipitation from the lysate of COS-1"™ cells labelled with myo-[°H]inositol by monoclonal anti-p130 antibody 


(A) Labelled COS-1°'? cells were lysed and subjected to immunoprecipitation with monoclonal anti-p130 antibody (2Р9) and Protein G—Sepharose. The immunoprecipitates were analysed by 
SDS/PAGE followed by CBB staining or Western blotting with monoclonal anti-p130 antibody, (B) The inositol phosphates bound to the immunoprecipitate were extracted by treatment with > 
trichloroacetic acid and analysed by application to a SAX column. Results are representative of five experiments. Because there was much variation in labelling efficiency and immunoprecipitation 

It was impossible to show statistical values. Symbols: ©, non-stimulated; @, stimulated with 100 nM BK 
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Figure 8 Саг" response by ATP stimulation in COS-1 cells transfected with GFP—p130(F) or GFP—p130(APH) 


COS-1 cells were transfected with either plasmid encoding GFP—p130(F) or GFP—p130(APH), followed by loading with tura 2 By using fluorescent microscopy, cells were selected for those with 
lura 2 but without GFP fluorescence (A) or those with fura 2. and GFP alone (В), GFP—p130(F) (C) or GFP—p130(APH) (0). Cells were stimulated with 10 uM ATP as indicated by the arrowhead 
Each trace is typical of at least 10 cells examined. The summary of the changes in Ca^" concentrations after ATP stimulation (E) shows mean values from cells without (hatched) or with (black) 
GFP fluorescence 


» 
DISCUSSION identify which of the potential ligands could interact with p130 
In the present study we analysed the functional properties of in cells and further considered the implications of this binding for 
p130 protein, which was originally isolated as a protein with high cellular function. 
affinity for Ins(1.4,5) P, [7.35]. We have extended our analysis of Studies of ligand binding in vitro have previously shown that 
ligand binding in vitro, used a combination of approaches to the PH domain of p130 is responsible for the high-affinity 
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binding of Ins(1,4,5)P, by the full-length protein [16]. The binding 
in vitro is not restricted to this ligand: a few other inositol 
phosphates [Ins(1,4,5,6) P, and, to a smaller extent, Ins(1,3,4,5) P,] 
can also bind to p130 through the PH domain [7,9,16,32,35]. 
Here we have also demonstrated that p130 can bind short-chain 
inositol lipids [(diC,)PtdIns(4,5)P, and (diC,)PtdIns(3,4,5)P,], 
although with lower affinity than for Ins(1,4,5)P,; the affinity 
for PtdIns(4,5)P, isolated from natural sources is even lower 
(Figure 1). Nevertheless, affinities for short-chain versions of 
PtdIns(4,5)P, and PtdIns(3,4,5)P, estimated in this study (K, 
values of 100 and 500 nM respectively) are comparable with 
those reported for proteins in which these phosphoinositides 
have been accepted as physiological ligands. For example, the K, 
for binding of PKB/Akt to (diC,)PtdIns(3,4,5)P, was approx. 
400 nM [36] and that for the binding of PLC-é1 to PtdIns(4,5)P, 
was approx. 1.7 «М [37]. Therefore, on the basis of the studies of 
ligand binding m vitro, several inositol compounds could po- 
tentially be physiological ligands for p130. 

Factors that have to be considered when searching for a 
physiological ligand include the relative concentration of the free 
ligand and the cellular localization of both the ligand and the 
binding protein. Free concentrations of inositol lipids are difficult 
to measure; however, estimated concentrations in the inner 
leaflet of plasma membrane are within the millimolar range for 
PtdIns(4,5)P, and up to 200 uM for PtdIns(3,4,5)P, [38]. The 
cellular levels of Ins(1,4,5)P, are lower, ranging from 1 «М (in 
‘resting’ cells) to 10 4M (in receptor-activated cells) [34]. There- 
fore, in spite of the higher affinity for Ins(1,4,5)P,, the inositol 
lipids could possibly be bound to p130 ın cells. This has been 
clearly shown for PLC#1 in non-stimulated cells, in which the 
full-length and isolated PH domains reside in the membrane 
[19-22] (Figure 2). Studies with several cell types have demon- 
strated that the 1solated p130PH domain was associated with the 
membrane (Figure 2А). However, the full-length p130 was 
present only in the cytoplasm of cells endogenously expressing 
this protein or when introduced into a range of different cell 
types (Figures 2A, 2C and 2D). There are several possibilities for 
explaining why the PH domain within the entire p130 molecule 
and in the cellular context cannot act as a determinant of cellular 
localization through phosphoinositide binding. The possibility 
that other domains of p130 mask the PH domain is unlikely 
because the full-length p130 binds the ligands in vitro (Figure 1) 
and, as discussed below, also in cells. On the basis of the 
observation that the isolated PH domain can interact with the 
membrane (Figure 2A), it is also unlikely that the p130PH 
domain interacts with other cellular molecules that could block 
PtdIns(4,5)P, binding. One possible explanation could be that 
other region(s) of p130, outside the PH domain, make interactions 
that determine its presence in the cytoplasm. Although this 
remains to be clarified, the experiments presented here strongly 
support inositol phosphates rather than phosphoinositides as 
physiological ligands for the PH domain in p130. Evidence 
supporting this was provided by the isolation of a complex 
between p130 and Ins(1,4,5)P, after the immunoprecipitation of 
p130 from COS-1 cells that stably express this protein (Figure 7). 
As shown with some other proteins, this is not an ideal, 
quantitative, type of analysis. Nevertheless, we clearly demon- 
strated that the amounts of bound Ins(1,4,5)P, increase after 
stimulation with agonist. 

To establish the identity of the ligand and the possible 
implications of the binding for cell function, the effects of p130 
on Ca** signals were monitored in permeabilized and transfected 
cells. We demonstrated that p130, through the function of the 
PH domain, was capable of attenuating the Ins(1,4,5)P,-triggered 
and the agonist-induced increase in Ca** concentrations (Figures 


3, 4 and 8). Furthermore, experimental support has been provided 
for an interaction of p130 with Ins(1,4,5)P,, rather than an 
inhibitory interaction at the level of PtdIns(4,5) P, hydrolysis as 
described for some related proteins [22,39]. Measurements of the 
production of Ins(1,4,5)P, in the control and СОЅ-12!%° cells 
stimulated with BK or EGF demonstrated that the production of 
Ins(1,4,5)P, was not inhibited (Figure 5). A possible role for 
p130, suggested by the results presented here, is to provide a level 
of control in Ca* signalling through competition with 
Ins(1,4,5)P, receptor (IP3R) for Ins(1,4,5)P, binding. However, 
for this function to be fulfilled in cells one would expect that both 
affinities and concentrations of these proteins were comparable. 
The IP3Rs are a family of tetrameric ligand-gated Ca** channels 
and the complete cDNA sequences encoding three distinct 
receptors (IP3R1, IP3R2 and IP3R3) have been determined. The 
affinities of three types of IP3R for the ligand are reported to be 
in the nanomolar range, with K, values of 1.5 nM (IP3R1), 
2.5 nM (IP3R2) and 22nM (IP3R3) [40]. These values are 
similar to those measured for p130 (2-5 nM) [7,16,35]. Therefore, 
on the basis of affinity, p130 could effectively compete for the 
Ins(1,4,5)P, hgand Regarding their expression, both p130 and 
IP3Rs are expressed in a range of tissues, with high concentrations 
present in brain [41,42]. As described in the Results section, the 
concentrations of endogenous p130 measured in РС12 are 
approx. one-fifth of those in COS-1?!*?? cells but are higher than 
the concentrations of protein that could inhibit Ca** release 1n 
permeabilized cells triggered by physiological amounts of 
Ins(1,4,5)P, (Figure 3). These results therefore do not rule out 
the suggested function of p130. However, to obtain direct proof, 
further studies are clearly required. 

The results described here can be summarized as follows. (1) 
p130 expressed in cells was mainly localized in the cytoplasm, 
although the PH domain of р130 is capable of binding 
PtdIns(4,5)P,. (2) p130 did not inhibit the formation of 
Ins(1,4,5)P, from PtdIns(4,5)P, by PLC activation. (3) Most 
importantly, p130 attenuated the increase in free Ca** con- 
centration, possibly through binding to Ins(1,4,5)P, via the PH 
domain. p130 is therefore the first example of a PH-domain- 
containing molecule that might have a physiological role in 
Ins(1,4,5)P, binding and inhibition of the Ins(1,4,5) P,-mediated 
signalling, suggesting that the amount of p130 present in cells 
could be one of the factors that determine the effectiveness of 
Ca? signalling. Although these experiments argue that p130 
could bind Ins(1,4,5)P, in cells, other experiments (currently in 
progress) focusing on endogenous p130 and the use of knock- 
out cells are needed to further our insights into the physiological 
role of this molecule. 
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Deactivation of neutrophil NADPH oxidase by actin-depolymerizing agents in 


a cell-free system 
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The cell-free activation of human neutrophil NADPH oxidase 
(O,-generaüng enzyme) is enhanced by actin [Morimatsu, 
Kawagoshi, Yoshida and Tamura (1997) Biochem. Biophys. 
Res Commun. 230, 206-210]. In an attempt to elucidate the 
mechanism, we examined the effect of actin-depolymerizing 
agents on the duration of NADPH oxidase in a cell-free system. 
The addition of DNase I, an F-actin-depolymerizing protein, 
caused an accelerated deactivation of the oxidase. The de- 
activation was also facilitated by latrunculin A, a sponge toxin 
that depolymerizes F-actin. Exogenously added actin prevented 
the deactivation by DNase I or latrunculin A, whereas EDTA 
accelerated a dilution-induced deactivation of the oxidase and 


Mg?* ions retarded it. The stability in dilution was found to 
correlate well with free Mg** concentration. Estimation of F- 
actin in the system showed that F-actin increased during the 
oxidase activation and that DNase I or EDTA decreased F-actin 
content 1n parallel with the activity Treatment of the cell-free 
mixture with a chemical cross-linker prevented the deactivation 
and F-actin decrease by EDTA. Taken together, these results 
suggest that actin filaments which grow during the activation of 
NADPH oxidase prolong the lifetime of the oxidase. 


Key words. cytoskeleton, F-actin, magnesium ion, phagocytosis, 
superoxide 





INTRODUCTION 


Superoxide (O,") generation by neutrophils has an important 
role in host defence against microbial infection (1] The enzyme 
responsible for O, generation is called NADPH oxidase (or 
respiratory burst oxidase), which is dormant in resting cells and 
becomes active upon cell activation [2]. The oxidase can also be 
. activated 1n a cell-free system including plasma membrane and 
cytosol in the presence of an anionic amphiphile [2]. The oxidase 
consists of membrane cytochrome Ба (gp917^^* and p227»***) and 
cytosolic proteins (p47™™, p677^^* and Rac) [3], which assemble 
into an active complex upon activation. Recently p407*^*, which 
is bound to p67™°*, has been suggested as a regulator [3]. The 
oxidase is extremely labile when activated either in vivo [4] or in 
vitro [5] and the deactivation is assumed to involve the dis- 
sociation of a cytosolic component or components from cyto- 
chrome 5,..- 

Actin, a major component of cytoskeleton, 1s abundantly 
present 1n neutrophils [6]. Approx. one-third of the total actin 
is present in polymeric form (F-actin) in resting neutrophils [7] 
and upon cell activation additional monomer actin (G-actin) 
polymerizes into F-actin. Actin polymerization has long been 
related to neutrophil chemotaxis or phagocytosis [6], probably 
because they involve motion and shape change. However, the 
relation to О,” generation has not been considered. 

Quinn et al. [8] reported that NADPH oxidase activity from 
phorbol ester-stimulated neutrophils co-sediments with heavy 
plasma-membrane fraction that includes actin and fodmn. 
Woodman et al. [9] found that the activated oxidase 1s restricted 
to the membrane cytoskeleton We showed previously that the 
labile enzyme is remarkably stabilized by chemical cross-linking 
[4,5]. However, the stabilized activity cannot be extracted, even 
by Triton, suggesting that the enzyme complex is linked to the 
cytoskeleton. 


Recently we found that actin, either endogenous or exogenous, 
enhances the activation of the oxidase in a cell-free system [10]. 
In the present study, to elucidate the mechanism for the phenom- 
enon we examined several F-actin-depolymerizing agents on the 
stability of the oxidase. We found that actin-depolymerizing 
agents markedly facilitated the deactivation of NADPH oxidase, 
and suggested a role of F-actin to prolong the lifetime of 
NADPH oxidase. 


EXPERIMENTAL 
Materlals 


DNase I (molecular-biology grade) was obtained from 
Worthington Biochemical Corp. (Lakewood, NJ, U.S.A.) Actin 
(rabbit skeletal muscle, AKL95) was purchased from Cyto- 
skeleton (Denver, CO, U.S A.). Latrunculin A was obtained 
from Wako Pure Chemicals (Osaka, Japan). E64 [trans- 
epoxysuccinyl-L-leucylamido-(4-guanidino)butane] was a prod- 
uct of Peptide Institute (Osaka, Japan). Phalloidin, tetra- 
methylrhodamine isothiocyanate (TRITC)-phalloidin and guano- 
sine 5’-[y-thio]triphosphate (GTP[S]) were purchased from 
Sigma Aldrich (St. Louis, MO, U.S.A.). All other reagents were 
of the best grade commercially available. 


Neutrophil preparation and subcellular fractionation 


Isolation of human neutrophils and subcellular fractionation 
were carried out as described previously [5]. The isolated cells 
were suspended in buffer A [100 mM KCI, 3 mM NaCl, 3.5 mM 
MgCl,, 1 mM АТР, 10 mM potassium phosphate buffer (КРВ), 
pH 7.3] and subjected to nitrogen cavitation After sucrose- 
gradient separation, the plasma membrane fraction was diluted 
with 1 vol of buffer B (100 mM KCl, 3 mM NaCl, 4 mM MgCl, 


Abbreviations used E84, trans-epoxysuccinyl-L-leucylamido-(4-guanidino)butane:; KPB, potassium phosphate buffer, TRITC, tetramethylrhodamine 
isothiocyanate; GTP[S], guanosine 5"-Ly-thio]tnphosphate, EDC, 1-ethyi-3-(3-dimethylaminopropyl)carbodiimide 
! To whom correspondence should be addressed (e-mail miketamu@en3 ehime-u ac jp) 
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I mM EGTA, 10 mM Pipes, pH 7.0), sedimented by centri- 
fugation at 200000 g for 1 h, and resuspended in modified buffer 
B (with all the concentrations given above halved) containing 
0.34 M sucrose. 


Cell-free activation and assay for 0, generation 


The standard conditions for assay were as follows. Plasma 
membrane (15 ug of protein, 5 х 10° cell equivalents) and cytosol 
(210 ug of protein, 9 x 10° cell equivalents) were mixed per 100 д1 
in 20 mM KPB (pH 7.0) supplemented with SDS (final con- 
centration 240 uM), and incubated for 10 min at 25°C. An 
aliquot (10 ul) of the mixture was mixed with 240 ul of 20 mM 
KPB (pH 7.0) containing 804M cytochrome c and 200 uM 
NADPH, and the mixture (120 ul each) was transferred into two 
cuvettes, one of which (reference) contained superoxide 
dismutase (80 ug/ml). O,--generating activity was assayed at 
25 °C as described previously [11]. O, -generating activities were 
expressed as nmol of O, formed/min per mg of plasma- 
membrane protein. 


Pretreatment of DNase ! 


Because DNase I prepared from pancreas contains trace amounts 
of chymotrypsin and other proteases, and because NADPH 
oxidase activity is inhibited by some protease inhibitors at high 
concentrations, we treated DNase I with irreversible inhibitors 
prior to the experiments and then removed unreacted reagents by 
dialysis. DNase I preparation was incubated with 500 4M di- 
isopropyl fluorophosphate, 500 «М PMSF and 10 4M E64 at 
0 °C for 20 min and then dialysed against 20 mM KPB (pH 7.0) 
for 4h at 0 °C. 


Measurement of F-actin content 


F-actin content was measured following the method of Redmond 
et al. [12] with modifications. The cell-free activated mixture 
containing plasma membrane (15 др) and cytosol (210 ug) per 
100 ul was fixed with 1% glutaraldehyde at 0 °С for 1 h and 
treated with 0.2 4M. TRITC-phalloidin with or without 2 uM 
phalloidin at 0°C for 1h. The mixture was centrifuged at 
340000 е at 4°C for 15 min with a compact ultracentrifuge 
(Hitachi CS150GX), and the pellets were extracted with 1 ml of 
methanol for 48 h. The supernatant was obtained by centnm- 
fugation at 2000 е at 4 °С for 5 min. The fluorescence of the 
supernatant was measured with a spectrofluorimeter (Shimadzu 
RF-5300 PC; excitation at 540 nm and emission at 565 nm). The 
difference 1n fluorescence intensity between TRITC-phalloidin- 
treated sample and phalloidin + TRITC-phalloidin-treated 
sample was calculated and expressed as ARFI (relative fluor- 
escence intensity), which reflects the specific binding of phalloidin 
to F-actin. 


Dilution experiments 


In dilution experiments, the activated mixture was diluted with 
10 mM Pipes (pH 7.0) alone or the same buffer containing 
EDTA and/or MgCl, and incubated at 0°C. In some 
experiments, EDTA and MgCl, were included in the dilution 
buffer to afford an indicated free Mg** concentration. After the 
incubation, the mixture was supplemented with cytochrome c 
and NADPH, warmed up to 25 °С for 30 s, and assayed for О, 
generation without further dilution. The standard cell-free system 
contained 0.2 mM ATP and 0.8 mM MgCl, brought from cytosol 
and plasma membrane preparations. 
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Calculation of free Mg** concentration 


Free Mg** concentration [Mg**] in the system was calculated 
using the equation described by Sunyer et al. [13]: 


[Mg] = Mg] + [EDTA],/(Mg*"]+ Kyra) 
+[ATP],/(Mg**] + Kare) -IGTPIST Mg" ] + Kors)? 


where [Mg**],, [EDTA],, [ATP], and [GTP[ST, are the total 
concentrations of those compounds. Кет, Karp and Коль» are 
the dissociation constants (K,) of the Mg?*~EDTA (0.4 aM) [13], 
Mg*'-ATP (40 uM) [14] and Mg**—GTP{S] (60 4M) [13] com- 
plexes, respectively. 


RESULTS 
Effect of DNase ! 


DNase I 1s known to depolymerize F-actin by binding G-actin 
tightly [15] and shifting the equilibrium from F- to G-actin [16]. 
Therefore, we examined the effect of DNase I on the stability of 
NADPH oxidase activity. As shown in Figure 1(A), DNase I 
markedly accelerated the deactivation of the oxidase at 4 °C. 
The activity fell to 54% in the first 10 min and then gradually 
decreased. In a first-order plot of the data, the deactivation was 
biphasic (results not shown) and the half-life (г, „) for the first 
phase was 8 min (Table 1), which was much shorter than that for 
the control (160 min). In contrast, the second-phase decay (ta = 
165 min) was similar to that for control. The deactivation by 
DNase I was prevented by addition of actin (100 uM). When 
actin was added to the mixture by itself, the oxidase activity was 
stabilized further (Figure 1À). These results suggest that actin 
filaments play a role in maintaining the oxidase activity, although 
some subpopulation of the oxidase seems unrelated to actin 
filaments 

Figure 1(B) shows the concentration dependence for DNase I 
in the deactivation of NADPH oxidase. The deactivation by 
DNase I occured in a dose-dependent manner, and when DNase 
I was used at 2.5 mg/ml, the activity was decreased to 47%. At 
higher concentrations the activity was not much changed (results 
not shown). The addition of actin (100 4M) completely prevented 
the deactivation by DNase I. 

The prevention by actin of the DNase I-induced deactivation 
was examined in more detail. When different amounts of actin 
were used, the activity was restored in a concentration-dependent 
manner (Figure 1C), whereas ovalbumin showed no such effect, 
indicating that it was not a general protein effect (results not 
shown). Interestingly when F-actin, actin polymerized before 
addition, was added to the incubation mixture, a similar effect 
was obtained. Although F-actin does not inhibit DNase I, it 
could be a source of G-actin when endogenous G-actin is 
captured by DNase I, protecting endogenous F-actin from 
depolymerization. These results indicate that F-actin has an 
ability to sustain the oxidase activity. 


Effect of latrunculin 


To ascertain a role of F-actin, we examined another F-actin- 
depolymerizing agent. Latrunculin À, a marine toxin, is known 
to depolymerize F-actin by a mechanism similar to DNase I. 
Figure 2 shows the time course of the oxidase activity in the 
incubation with or without latrunculin A. Latrunculin apparently 
accelerated the deactivation, and at 30 min the activity was 55 9, 
of the control. The first-order plot of the deactivation curve was 
biphasic and the 1,4 value for the first phase was estimated to be 
13 min (Table 1), which is much less than that for the control 
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Table 1 Half-llves of 0, -generating activity In the cell-free activation 
mixture under varioas conditions 


Halttives (£^) were estimated from a first-order plot of the data described in Figures 1(A), 2 
and 4 using linear least-squares regression analysis incubabon conditions not specified are 
provided іп each Figure legend The values m parentheses are the halHives for the 1-athyl-3- 
(3-dimethytaminopropy)}carbod:-imide {EDC)-treated sample described in Table 3 (ses below) 


bn (min) 

Temperature Conditions First phase Second phase 

4°C None 160 - 
DNase | 8 165 
DNase | + actin 180 — 

0 ?C None (DMSO) 310 - 
Latrunculln 13 300 
Latrunculin -+ actin 460 - 
Dilution 12 200 
Dilution + EDTA 4 (190) 60 
Dilubon + Mg^* 26 (> 350) 320 





(310 min). The f, value for the second phase (300 min) was 
similar to that for the control. The deactivation by latrunculin 
was prevented by addition of actin in a dose-dependent manner 
and at 100 4M actin completely prevented the deativation by 
latrunculin (results not shown). 


F-actin content 


To confirm that F-actin was actually decreased by DNase I or 
latrunculin A, F-actin content was measured with fluorescently 
labelled phalloidin, which selectively binds to F-actin. As shown 
in Table 2, either DNase I or latrunculin decreased F-actin 
content in the system. F-actin levels were 56 and 63% of the 
control after the incubation with DNase I and latrunculin, 
respectively. The result supports the concept that actin depoly- 
merization deactivates the oxidase. 

In the course of the experiment, we noticed that F-actin level 
increased in the cell-free activation with SDS. Therefore we next 
examined the relationship between the activation and F-actin 
level. F-actin level was measured after incubation with or without 
SDS (Figure 3). The incubation with SDS resulted in a 70% 
increase in F-actin level. When the activation was performed 
with sub-optimal concentrations of SDS, F-actin level increased 
almost 1n parallel with the oxidase activity over a threshold of 


Figure 1 The deactivation of NADPH oxidase In the presence and absence 
ot DNase | and/or actin 


(A) Time course After cell-free activation, the mixture was incubated at 4 °C for 0-60 min in 
the absence (€) or presence of 2 5 mg/ml DNase | (A), 2 5 mg/ml DNase 1+ 100 uM actin 
(О) and 100 uM actin (C1) tn a total of 75 zi After incubation, an aliquot of the mixture was 
assayed for 0, generation as descnbed in the Experimental section. Data are expressed as 
твапѕ +5.D of three determinations The initial activities of the control and the samples with 
DNase |, DNase |--actin and асіп were 9524-92, 9048--17.5, 9438-189 and 
1079 4+12 8 nmol/min per mg of plasma-membrane protein, respectively (B) Concentrahon- 
dependence of DNase | The cell-free activation mixture was incubated with various amounts 
of DNase | in the presence and absence of 100 4M actin The control activites (100%) with 
and without actin were 7429+151 and 651 6+ 13.4 nmol/min per mg of plasma-membrane 
protein, respectively (C) Effect of actin concentration on DNase |-induced deactivation. The 
activation mixture was incubated for 1 h with DNase | (25 mg/ml) plus 0-100 4M actin in 
а total of 60 4! In some expenments, actin (100 М) was polymerized before addition by 
incubating in 8 mM MgCl,/20 mM KPB (pH 7 0) at 0 °C for 1 h (A). The control achvrty at 
60 min was 727 4-105 nmol/min per mg of plasma-membrane protein. 
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Figura 2 Effect of latruneculln A on the time course of NADPH oxidase 
activity 


After ceil-free activation the mixture was incubated with DMSO (О), 50 uM latnunculln (A) 
of 50 4M latrunculin+- 100 4M actin (7) at 0 °C for 0-60 min and assayed for 0,7 
generation, Data are expressed as means -£S 0 of three determinations. The Initial activity of 
the control was 994 1 --19 8 nmol/min per mg of plasma-membrane protein 


Table 2 Effect of DNase | or latruncuBin on NADPH oxidase and F-actin 
content 


The cell-free activated mixture was incubated at 4 °C for 1 h in the presence and absence of 
DNase | (2 5 mg/ml) or incubated at 0 °C for 30 min In the presence and absence of latrunculin 
A (100 uM). After the incubation, the mixture was assayed for 0," generation and subjected 
to F-actin estmahon The values in parentheses are the data as percentages relative to the 
respective controls (set at 100%) ARFI, relative fluorescence intensity 


0, -generating activity 


Addibon (nmol/min per mg) F-actin content (ARFI) 
None 783 4-182 (100%) 97 12-84 (100%) 
DNase | 490 3-99 (51%) 540+76 (56%) 
None 955 4-213 (100%) 970+7.9 (100%) 
Latrunculin A 604 +11 4 (63%) 61.5+81 (63%) 


: 80 uM. The result suggests that actin polymerization takes place 
during the oxidase activation. 


Effects of Mg^* and EDTA 


F-actin starts to depolymerize when actin concentration 1s 
lowered to the critical concentration [17], and critical con- 
centration is drastically decreased by the presence of Mg** ions 
[18]. Here we diluted the activated mixture 25-fold with 10 mM 
Pipes buffer (pH 7) with or without 8mM MgCl, or 
2mM EDTA, and examined the time course of the oxidase 
activity. It should be noted that the control mixture contained 
32 uM. MgCl, when diluted 25-fold (see the Experimental sec- 
tion). Dilution made the deactivation curve biphasic (Figure 4) 
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Figure 3 The oxidase activation and F-actin content using different 
concentrations of SDS 


The celHres activation was performed with 0, 80, 160 and 240 uM 505, and the mixture was 
assayed for O," generation and subyected to F-actin measurement as described in the 
Expanmental section Data are expressed as means-+SD of thres determinations ARFI, 
relative fluorescence intensity 
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Figure 4 Time course of NADPH oxidase in ditution with Mg^* or EDTA 


After the cell-free activation the mixture was diluted 25-fold with 10 mM Pipes (pH 7.0) tn the 
absence (low Mg**) and presence of 8 mM MgCl, (high Mg**) or 2 mM EDTA (EDTA) and 
incubated for 0—60 min at 0 °C. Then the mixture was assayed for 0. generabon Data are 
expressed as means 4-50 of thres determinations. Initial activities of the diluted mixture with 
the buffer, the buffer with 8 mM MgCL, and 2 mM EDTA were 654 7 + 44 3, 789 1 + 58 6 and 
558 6 + 38 7 nmoi/min per mg of plasma-membrane protein, respectively 
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Figure 5 The effect of free Mg** concentration on NADPH oxidase stability 


(A) NADPH oxdase activity Immediately or 30 min after dilution Cell-tres actrvation was 
performed in 10 mM Pipes buffer (pH 7.0) containing 08 mM MgCl, and the mixture 
was diluted 25-fold with the same buffer containing МОС, or EDTA to afford 6.7 nM—7 99 mM 
. free Mg** concentration and assayed Immediately (CO) or after: 30 min (A) Data are 
expressed as means+S.D of three determinations (B) Correlation between free Mg^*con- 
centration and enzyme stability The stability was estimated from the data in (A) using the 
following equation stability (%) = activity (t = 30 minyactivity (/ = 0) x 100 


- and the lifetime shorter than that without dilution (Table 1). The 


ta values for the first and second phases were 12 and 200 min, 
respectively. When MgCl, was added in the dilution the half-lives 
for the first and second phases increased to 26 and 320 min. On 
the other hand, EDTA markedly accelerated the deactivation 
and the half-lives for the first and second phases decreased to 
4 апа 60 min, respectively: These results indicate clearly that 
Mg!* has an ability to prolong the lifetime of the oxidase, 
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Table 3 Prevention by eross-iinking against EDTA-Induced NADPH oxidase 
deactivation and F-actin depolymerization 


The cell-free activation mixture was stirred with 20 mM EDC at 0 °C for 30 min The control 
mixture (Native) or EDC-treated mixture (EDC) was diluted 25-fold with 20 mM КРВ (pH 7) 
containing 8 mM MgCl, or 2 mM EDTA and Incubated at 0 °C for 30 min After the Incubation, 
the mixture was assayed for 0," generation and subjected to F-actin estimabon. Data are 
expressed as means + S.D. of three determinations, The values In parentheses are the data as 
percentages relative to the control activity (960 -t 44.5 nmol/min per mg, sat at 100%) or F- 
actin content of ће non-cross-linked, non-diuted, sample (relative fluorescence Intensity, ДАН, 
896+53, set at 100%) 


Q,-generating activity 
Sample Additives In dilution — (nmol/min per mg) F-actin content (ARFI) 
Native EDTA 243 +233 (25%) 270+54 (30%) 
MgCl ~. 758 +29 6 (79%) 68,94-6.5 (77%) 
EDC EDTA 615 +402 (64%) 103 +66 (115%) 
MgCl, 834 -£ 29.5 (87%) 9224-35 (103%) 





although some populations of the oxidase are relatively stable 
under the conditions for actin depolymerization. 


Effect of free Mg** concentration 


Next we examined the correlation between free Mg% con- 
centration and oxidase stability. Figure 5(A) shows the oxidase 
activities at zero time (t = 0) and 30 min after dilution at various 
concentrations of free Mg**. The activity at г = 0 increased as 
free Mg** concentration was increased. The activity with 
7.99 mM Meg* was about 1.7-fold that with 6.7 nM Mg". When 
the stability was defined as activity (z = 30)/activity (1 = 0) x 100 
and plotted against free Mg** concentration, the stability corre- 
lated well with free Mg** concentration (Figure 5B). On the other 
hand, when Ca** was used instead of Mg?* the stabilizing effect 
was hardly observed (results not shown). These results suggest 
that the effect of Mg** on the stability of the oxidase is related to 
the stabilization of actin filaments. 


Effect of 1-ethyl-3-(3-dimethylaminopropyf)carbodi-imide (EDC) on 
deactivation and F-actin loss by dilution with EDTA 


To confirm the concept mentioned above, we estimated F-actin 
content in the diluted mixture in the presence and absence of 
Mg?*. Dilution itself lowered F-actin level to 61% and it was 
decreased to 30% by addition of EDTA, where the oxidase 
activity fell to 25% (Table 3). Our earlier study showed that the 
oxidase activity was remarkably stabilized by cross-linking with 
EDC. Therefore we examined the effect of EDC on EDTA- 
induced deactivation and F-actin depolymerization. When the 


activated mixture was cross-linked with EDC before dilution,‘ ` 


F-actin content was not decreased by dilution with EDTA and 
the activity was largely preserved. The fa values were much 
extended in both the presence and absence of Mg** (Table 1). 
These results further support the relationship between oxidase 
stability and F-actin content. 


Effect of GTP[S] 


Mg** is known to influence the activation of small GTPases 
including Rac, Rho and тар1А. Rac is an essential component 
and тар1А is a possible regulator of the oxidase that is associated 
with cytochrome b,,,. Therefore, we examined whether the effect 
of Mg** on stabilization is related to these small GTPases. 
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GTP{S], a well-established activator for small GTPases (a non- 
hydrolysable analogue of GTP), was added to the dilution and 
the stability of the enzyme was examined. The stability was not 
increased but, in fact, it was somewhat decreased by GTP[S]. 
The stabilities at 6.6 nM, 0.7 uM and 7.76 mM free Mg** were 
29, 40 and 56%, respectively, whereas those without GTPIS] 
were 38, 56 and 70%, respectively (Figure 5B) 


DISCUSSION 


Neutrophils contain high concentrations of actin (approx. 40 uM 
in total) [7], and it is actually the most abundant protein in 
neutrophil cytosol preparation. In the resting cells one-third of 
total actin is present as F-actin and upon cell activation further 
polymerization takes place. Actin polymerization has been 
related to chemotaxis and phagocytosis, both of which are 
accompanied by motion, but not to the respiratory burst (0,7 
generation). 

In the present study, we propose that actin polymerization 
regulates the lifetime of NADPH oxidase based on the following. 
(i) DNase I or latrunculin A facilitated the deactivation of 
NADPH oxidase and actin prevented it. (1) EDTA accelerated 
the deactivation in a diluted mixture and Mg*' prevented the 
deactivation. (iii) The treatment with these agents diminishes the 
F-actin content. (ivy) EDC, a cross-linker, prevents the de- 
activation and F-actin depolymerization induced by EDTA It 
should be stressed that actin polymerization is not essential for 
the oxidase activation, but is required for the duration of the 
oxidase. 

The biphasic deactivation induced by DNase I, latrunculin or 
dilution showed that some part of the oxidase activity was 
resistant to these agents or the condition. This implies the 
presence of sub-populations of the oxidase complex that do not 
require or do not depend very much on F-actin for stabilization. 
It cannot be ruled out, however, that these agents did not 
depolymerize all the F-actin involved in the oxidase stabilization. 
Whichever is the case, the contribution of F-actin to the 
respiratory burst seems important because the net amount of O,7 
generated is governed by the lifetime of the oxidase as well as the 
catalytic rate. 

In the cell-free system, it has been pointed out that there is a 
requirement for Mg** at a concentration of several millimolar 
[19,20]. However, recently it was shown that the optimal Mg** 
concentration is much lower (0.1 4M) when recombinant cytosol 
phox proteins are used instead of cytosol [21] and, more 
dramatically, Mg** is not required when purified cytochrome 5,,, 
was used instead of the membrane [22]. Thus it seems that Mg?* 
is not required for the activation in a purified reconstitution 
system, but is necessary for the maximal activation in a 
crude system. We speculate that Мр“ is required for F-actin- 
involved stabilization of the oxidase. 

Mg'* ions are thought to stabilize F-actin by shifting the 
equilibrium from G- to F-actin. The equilibrium between G- and 
F-actin depends critically on the concentration of bivalent 
cations such as Mg** and Ca** [16]. In the absence of biva- 
lent cations, actin is essentially monomeric. Addition of 
bivalent cations markedly decreases the critical concentration for 
actin polymerization. For example, the critical concentration 
is approx. 0.05 uM for Mg**-bound actin and approx. 0.3 uM for 
Ca?*-bound actin [18]. In our system, total actin concentration 
was estimated to be 2 4M ш the activation mixture and 0.08 uM 
after dilution, which is higher than the critical concentration 
with Mg** and lower than that with Ca**. This 1s consistent with 
the result that Mg**, and not Ca**, had a significant effect on the 
oxidase stability. 
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As Mg** facilitates the GDP/GTP exchange reaction on small 
GTPases at a low concentration (< 0.1 4M), additional ac- 
tivation of Rac might stabilize the oxidase. However, the Mg** 
concentrations used 1n our system are much higher (> 1 mM) 
and at such a concentration the nucleotide exchange is not 
facilitated [23]. Thus it ıs unlikely that Rac is involved in Mg**- 
supported stabilization. Actually, the addition of GTP{S] to the 
dilution mixture did not increase, but rather decreased, the 
enzyme stability to some extent. 

We used SDS as an activator for cell-free activation of NADPH 
oxidase. Since the system was established, the anionic amphiphile 
has often been used for the activation system, as well as 
arachidonate [3]. Nevertheless, the exact role of SDS in the 
activation is not clear. It has been suggested that SDS mimics 
p47?** phosphorylation catalysed by a protein kinase by pro- 
viding negative charges to the protein. However, a pure system, 
which includes a large excess of p67™* and Rac over cytochrome 
b,,,, does not need p47™°* but needs SDS to be activated [24], 
suggesting that SDS also acts on other phox protein(s). 

One of the most interesting findings here is that F-actin 
increases during NADPH oxidase activation. Although the exact 
mechanism for the phenomenon is not clear, the conditions for 
the oxidase activation could be suitable for actin polymerization, 
i.e. the requirement of Mg**, GTP, small GTPase such as Rac, 
and high concentrations of G-actin (cytosol). It was reported 
that Rho GTPases, including Rac, Rho or Cdc42, induce actin 
polymerization in neutrophils or other cells [25,26]. Thereby it is 
plausible that the activated Rac or other GTPase may induce 
actin polymerization. In this context, it is of interest that SDS is 
able to activate Rho GTPases by dissociating the complex with 
Rho GDI (GDP-dissociation inhibitor) [27,28] because in the 
cytosol Rac GTPase is complexed with Rho GDI [29]. 

Cytochalasins, which are often used to depolymerize F-actin, 
had no effect on the oxidase stability (results not shown). In 
contrast, latrunculin A facilitated the deactivation of the oxidase. 
It is known that latrunculin, and not cytochalasin, depolymerizes 
F-actin that lies beneath the plasma membrane, i.e. cortical actin 
[30,31]. This might be due to the difference ш action mechanism 
between cytochalasin and latrunculin. Cytochalasins bind to the 
barbed end of F-actin to block filament elongation while 
Jatrunculin depolymenzes F-actin by a similar mechanism to 
DNase I [31]. Thus the difference in the effects of cytochalasins 
and latrunculin may suggest that the F-actin that stabilizes the 
oxidase 1s cortical actin. 

How can actin filaments stabilize neutrophil NADPH oxidase? 
The interaction. between cytoskeleton and the oxidase com- 
ponents has been reported, which include p477*ez, p67»*ez, [9,32], 
Rac [33] and cytochrome 5,,, [9]. Corontn, an actin-binding 
protein, was also reported to interact with p677?*^* and p40” 
[34]. So it is reasonable to speculate that the cytosol phox 
proteins link to actin filaments, either directly or indirectly. On 
the other hand, cortical actin anchors to the plasma membrane 
through ERM proteins (ezrin, radixin and moesin) and a 
membrane-spanning protein, CD44 [35]. Therefore, actin 
filaments may stabilize and immobilize the oxidase complex as a 
scaffold on the plasma membrane. 

In summary, the present work indicates that during the 
activation of the oxidase actin filaments grow on the plasma 
membrane and stabilize the oxidase complex This suggests that 
actin polymerization and depolymerization regulate the lifetime 
of the oxidase in neutrophils. 

Finally what is the physiological significance of actin regulation 
of NADPH oxidase? Active oxygen species, such as О,” and its 
derivatives, are microbicidal but also toxic to the host cells. 
Complex formation on the membrane cytoskeleton may help to 


ip 


gi 


restrict the area of the respiratory burst and avoid unfavourable 
‘firing’. On the physiological relevance of actin in the respiratory 
burst, it is of interest that Nunoi et al. reported recently of a 
patient with a mutated factin gene showing impaired О, 
generation in neutrophils [36]. 
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Sj-FABPc fatty-acid-binding protein of the human blood fluke 
Schistosoma japonicum: structural and functional characterization and 
unusual solvent exposure of a portal-proximal tryptophan residue 
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Sj-FABPc of the blood fluke of humans, Schistosoma japonicum, 
is a member of the FABP/P2/CRBP/CRABP family of f-barrel 
cytosolic fatty-acid-binding and retinoid-binding proteins Sj- 
FABPc has at least eight different variants encoded by a single- 
copy polymorphic gene. In fluorescence-based assays, recombi- 
nant Sj-FABPc was found to bind 11-(dansylamino)undecanoic 
acid (DAUDA), inducing a shift in peak fluorescence emission 
from 543 to 493 nm. A similar spectral change was observed 
in dansyl-amino-octanoic acid (in which the dansyl fluorophore 
15 attached at the a-carbon rather than the w-carbon of 
DAUDA), indicating that the ligand enters entirely into the 
binding site. Sj-FABPc also bound the naturally fluorescent cis- 
parinaric acid, as well as oleic acid and arachidonic acid, by 
competition, but not all-trans-retinol. Dissociation constants 
were, for cis-parinaric acid, К, = 2.5 0.1 4M (mean t£ S.E.M.) 
and an apparent stoichiometry consistent with one binding site 
per molecule of Sj-FABPc and, for oleic acid, K œ 80 nM. A 
deletion mutant from which «-II was absent failed to bind ligand 
Sj-FABPc modelled well to known structures of the protein 


family, an unusually solvent-exposed Trp side chain was evident 
adjacent to the presumptive portal through which ligand is 
thought to enter and leave. Intrinsic fluorescence analyses of 
Sj-FABPc and of the deletion mutant (from which Trp-27 is 
absent) confirmed the unusual disposition of this side chain. 
Virtually all members of the FABP/P2/CRBP/CRABP protein 
family have prominent hydrophobic side chains in this position, 
with the exception of liver FABP and ileal FABP, which instead 
have charged side chains. Liver FABP 1s known to be distinct 
from other members of the protein family in that it does not seem 
to contact membranes to collect and deposit its ligand. It 1s 
therefore postulated that the unusually positioned. apolar side 
chains in Sj-FABPc and others in the family are important in 
interactions with membranes or other cellular components. 


Key words: cytosolic lipid-binding proteins, fluorescent lipid 
analogues, polymorphism, portal region, tryptophan fluor- 
escence. 





INTRODUCTION 


Schistosoma Japonicum and Schistosoma mansoni are blood flukes 
of humans that cause chronic, highly debilitating diseases in- 
volving extensive liver damage [1]. These parasites are unable to 
synthesize fatty acids or sterols, so are entirely dependent on 
their hosts for these and other complex lipids [2-4]. Moreover, 
these flukes are unique 1n their possession of a double outer 
membrane in the blood-parasitic stage, there are indications of a 
highly active membrane-processing system 1n the outer syncitial 
layer of the organism [2,3,5]. The acquisition, retention, storage 
and internal transport of lipids are therefore of particular 
importance to the survival of these organisms; the proteins 
involved in lipid transport and exchange provide potential targets 
for chemotherapy and immunotherapy. 

Fatty-acid-binding proteins (FABPs) of the FABP/P2/ 
CRABP/CRBP family (the cytosolic FABP/myelin P2/cellular 
retinoic-acid-binding protein/cellular retinol-binding protein 
family) of cytosolic lipid-binding proteins (cLBPs) have been 


described in both of the above species of schistosome as important 
immune targets in infected individuals [6,7]. Both proteins 
are currently under investigation as vaccine components and are 
among a set of antigens that have been selected by the World 
Health Organization for inclusion in human immunization trials 
[8]. The subject of this report, the cytosolic FABP of S. japonicum 
(S}-FABPc), seems not to be widely distributed within the worms, 
as might otherwise be expected for a generalized intracellular 
lipid-binding transporter Instead, 1t 1s confined to lipid droplets 
of male worms (which are thought to assist nutritionally the 
females they enfold), and, crucially, also to the vitelline structures 
of the female parasites [9]. The protein might therefore be 
essential to the production and provistoning of the parasites’ 
eggs; it is these that cause the pathology of schistosomiasis [1]. 

Despite the importance of Sj-FABPc and the similar protein 
from 5. mansoni (Sm14) [7,10], no detailed structural and 
functional analysis of the proteins has appeared. The two seem 
to have different distributions within their respective organisms, 
so might have different biological roles [7,9]. We provide here a 


Abbreviations used cLBP, cytosolic lipid-binding protein, DACA, dansyl-p,t-a-amino-octanoic acid, DAUDA, 1í-(dansylamino)undecanorc acid, 
F10, recombinant S}-FABPc, F25, deletion mutant of S-FABPc, FABP, fatty-acid-binding protein, FABP/P2/CRABP/CRBP, proteins of the cytosolic 
FABP/myelin P2/cellular retincic-acid-binding protein/cellular retinol-binding protein family, GdmCi, guanidinium chlonde, LBP, lipid-binding protein, 
retinol, all-érans-retinol, Sj-FABPc, cytosolic fatty-acid-binding protein homologue of Schistosoma japonicum 
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The nucleotide sequence data for F10 and F25 will appear in DDBJ, EMBL and GenBank Nucleotide Sequence Databases under the accession 
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biochemical, biophysical and structural analysis of Sj-FABPc 
that additionally revealed unexpected features with implications 
for the functioning of the cLBPs of humans. In particular, we 
provide evidence that Sj-FABPc has an unusually disposed bulky 
hydrophobic side chain, which we postulate to be involved in 
cLBP-membrane interactions, adjacent to the presumptive portal 
of ligand entry and exit. We additionally propose that this amino 
acid position differentiates those cLBPs that interact directly 
with membranes 1n ligand exchange and trafficking from those 
that act as holding proteins to regulate the intracellular levels of 
unbound fatty acids. 


MATERIALS AND METHODS 
cDNA encoding S]-FABPc sequences 


DNA encoding the FABP was obtained by antibody screening of 
а 5. japonicum (Philippines strain) cDNA expression library 
(Uni-ZAP XR; Stratagene, La Jolla, CA, U.S.A.) constructed 
using poly(A) mRNA 1solated from mixed-sex adult worms 
obtained from the Mindoro region of the Philippines. The 
antibody for screening was raised ш rabbits against soluble S. 
japonicum proteins [11]. Initial sequencing was performed with 
the pBluescript (pBSK) SK primer and a Tag DyeDeoxy 
Terminator Cycle Sequencing Kit (Applied Biosystems, Foster 
City, CA, U.S.A.). Clones identified as having full-length open 
reading frames encoding proteins similar to cytosolic FABPs 
were further sequenced in both directions with pBSK M13 
forward and reverse direction primers. Further FABP-encoding 
cDNA species were isolated by DNA hybridization screening 
with a previously isolated cDNA encoding the FABP obtained 
from the mainland Chinese strain of the parasite [6]. This 
provided seven new Sj-FABPc sequences in addition to the 
onginal one, the encoded proteins differing by a few amino acid 
positions (see Figure 1). Southern blot analysis showed that the 
encoding gene was in single copy, so the variants were true 
alleles. Two clones were selected for protein expression, one 
encoding a complete Sj-FABPc (Е10), and one encoding a 
deletion mutant (F25). 


Expression and purification of recombinant Sj-FABPc 


The cDNA inserts of clones F10 and F25 were subcloned into a 
pQE31 expression vector (Qiagen, Venlo, The Netherlands) and 
used to transform Escherichia colt SG13009[pREP4] competent 
cells (Qiagen). To enhance protein expression, the PCR used to 
produce amplicons for insertion into expression vectors was 
designed to omit most of the 5’ untranslated regions of both F10 
and F25. After the bulk culture of transformed bacteria from 
single colonies and the induction of expression with 2 mM 
isopropyl £-p-thiogalactoside, recombinant His-tagged protein 
was isolated from clarified soluble cell extracts by metal-affinity 
chromatography (Talon resin; Clontech, Palo Alto, CA, U.S.A.). 
After release from the resin with buffer containing imidazole 
[0.05 М NaHPO,/0.3 M NaCi/0.5 M imidazole (pH 7.2)], re- 
combinant protein was further purified by ion-exchange FPLC. 
Protein purity was monitored by SDS/PAGE and Coomassie 
Brillant Blue staining or analysed by Western blotting with the 
use of the rabbit antiserum as primary antibody; the protein was 
concentrated with Centriprep-10 centrifugal concentrators 
(Amicon, Beverly, MA, U S.A.) As has frequently been found 
for proteins of this family (particularly over-expressed 
recombinants) [7,12], both F10 and F25 proteins tended to 
precipitate after storage at low temperatures, so they were 
solubilized in 2.0 M guanidinium chloride (GdmCl). For the 
fluorescence studies, small quantities of this solution were added 
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to buffer 1n the fluorescence cuvette, diluting the GdmCl and 
allowing the proteins to refold without precipitation (see results 
below). Far-UV CD analysis of F10 and F25 showed them to be 
similarly rich in 3 structure, to a degree expected for this type of 
protein, and indicated that the F25 deletion mutant had a 
decreased helical content. Analysis of the spectra over the range 
240—200 nm by the CONTIN program [13] indicated that the z- 
sheet contents of both the full-length and truncated proteins were 
of the order of 50% and that the helical contents of these 
proteins were of the order of 15% and 5% respectively. The 
concentrations of the recombinant proteins were estimated from 
А зо With an €,,, of 12660 M! -cm"! for F10 and 6970 M^ cm"! 
for the F25 deletion mutant, on the basis of the amino acid 
compositions of the recombinant proteins [14]. 


Spectrofluorimetry and fiuorescence-based ligand binding 


Fluorescence emission spectra were recorded at 20°C with a 
SPEX FluorMax spectrofluorimeter (Spex Industries, Edison, 
NJ, U.S.A), with 2ml samples in a silica cuvette. Raman 
scattering by solvent water was corrected for where necessary by 
the use of appropriate blank solutions. The fluorescent fatty-acid 
analogues 1l-(dansylamino)undecanoic acid (DAUDA), and 
dansyl-D,L-a-amino-octanoic acid (DACA) were obtained from 
Molecular Probes and Sigma respectively. all-trans-Retinol (re- 
ferred to hereafter simply as retinol) and oleic acid were also 
obtained from Sigma; cis-parınaric acid was a gift from Dr Bruce 
Hudson (University of Oregon, Eugene, OR, U.S.A.) or obtained 
from Molecular Probes. The excitation wavelengths used for 
DAUDA, DACA, retinol and cis-parinaric acid were 345, 345, 
350 and 319 nm respectively. The dansylated fatty acids were 
stored as stock solutions of approx. 1 mg/ml ın ethanol, in 
the dark at —20?C, and freshly diluted in PBS [171 mM 
NaCl/3.35 mM KCI/10mM  Na,HPO,/18mM  KH,PO, 
(pH 7.2)] to 1 uM before use in the fluorescence experiments. 
Competitors of fluorescent fatty-acid binding were prepared as 
stock solutions in ethanol at approx. 10 mM and diluted in PBS 
or ethanol for use. Free retinol is poorly soluble and unstable 
in aqueous solution, so it was dissolved and diluted in ethanol 
immediately before use; binding to proteins was tested by 
addition of typically 5 ul of this directly to a cuvette containing 
protein in PBS. The following reference proteins were obtained 
from Sigma and prepared as stock solutions at 10 mg/ml in PBS: 
BSA, f-lactoglobuhn (bovine), ribonuclease A, ovalbumin 
(chicken) and transferrin (bovine). 

For the estimation of dissociation constants for protein-fatty- 
acid binding, 5 or 10 д1 samples of сіѕ-раппагіс acid 1n ethanol 
were added successively to 2 ml of protein at 2.49 uM; the 
fluorescence emission was measured at 408 nm, with an excitation 
wavelength of 319 nm. The concentration of the ethanol stock 
solution of cis-parinaric acid was checked by measuring the A,,, 
of an appropriate dilution in ethanol, using an €, of 
76000 M^?-cm^ [15]. Fluorescence data were corrected for 
dilution where necessary, and fitted by standard non-linear 
regression techniques (with Microcal ORIGIN software) to a 
single non-competitive binding model to give estimates of the 
dissociation constant (K,) and maximal fluorescence intensity 
(F a) Similar non-linear regression methods were used to analyse 
results of competition experiments ın which oleic acid was 
progressively added to a preformed complex of cis-parinaric acid 
and protein. A stock solution of oleic acid їп ethanol was freshly 
diluted to 1 mM in PBS, increasing concentrations of oleic acid 
were added to a muxture containing 2.43 4M сіѕ-рагіпагіс 
acid and 3.29 mM protein. 


if 


if 


Structural predictions and modelling 


Protein sequence comparisons and alignments were performed 
with the BLAST program to search the protein sequence database 
(blastp) or MaxHom, both accessed through PHD on the 
ExPASy server (http://www.expasy.ch/) at SwissProt. Pre- 
dictions of secondary structure and searching for structural 
analogues were made using the PHD program on the Predict- 
Protein server (http://cubic. bioc.columbia.edu/predictprotein /) 
at SwissProt [16-18]. Molecular mass and theoretical molar 
absorption values were calculated with the ProtParam program 
through ExPASy. Searching for protein motifs such as hydro- 
phobic leader sequences and protein family signatures were 
performed with Signalp (trained on eukaryotic sequences) and 
PROSITE programs. The Sj-FABP structure was modelled using 
SwissModel, and refined with the CHARMM forcefield [19,20], 
using for templates either the five most similar proteins of known 
structure as identified by PHD, or with a set of five structures 
(Protein Database codes IHMR, IPMP, IADL, IABO and 
АСР) automatically selected by SwissModel as a composite 
template. Model geometries were checked with the PROCHECK 


suite of programs. 


RESULTS AND DISCUSSION 
cDNA analysis and sequence vartants 


Screening of the S. japonicum cDNA library provided a set of 
seven protein sequences that differed at a only few amino acid 
positions (Figure 1) and exhibited sequence similarities to 
proteins of the FABP/P2/CRABP/CRBP family of cLBPs. The 
sequences are closest to the Sm14 protein of S. mansoni (89% 
pairwise sequence identity), and showed substantially lower 
similarities to other proteins of the family, sequences of which 
are mainly derived from mammals. Together with a Sj-FABPc 
described previously from the Chinese strain of S. japonicum [6], 
this provided eight different sequences for the Sj-FA BPc protein 
(Figure 1). Southern and Northern blotting analysis showed that 
the encoding gene was in single copy (results not shown), which 
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Figure 1 Amino acid sequences of SFABPc F10 and F25 proteins of 5. 
- faponfcum 


Identical amino acids are indicated with dashes, the deleted amino acids in the F25 mutant are 
Indicated with full stops The secondary structure according to the molecular modelling analysis 
iS indicated as follows h, helix, e, A/extended, full stop, no prediction/loop. The FABP 
signature sequence identihed by PROSITE 15 underlined The Trp-27, Met-32 and Phe-57 
positions discussed in the text are doubly underlined in the F10 sequence line The 'vanant 
sites’ ling shows where differences exist between between the eight S-FABPc sequences 
obtained (see the text) Most of the variant sites are on сє! or loop regions, and all except one 
(GIn-94 — His) are of outwardly projecting side chains according to the mode! (Figure 2) 
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is consistent with the variants' being alleles of a polymorphic 
gene. 

The Signalp program [21] trained on eukaryotic sequences 
found no evidence of a cleavable signal peptide in the amino 
acid sequence of any of the encoded proteins. This is also true 
for other members of the cLBP family, with the exception of 
an unusual subfamily from nematodes [22,23] PROSITE 
identified а signature sequence for cytosolic FABPs 
(GEWKLSETHNFDAVMSKL; single-letter amino acid codes) 
in addition to two potential glycosylation sites and several 
consensus protein kinase sites. The latter two motifs are common 
by chance in protein sequences but have no functional relevance, 
although it is pertinent to note that the phosphorylation of one 
human cLBP at least has been suggested to regulate its ligand- 
binding activities [24,25]. 

One of the cDNA clones, F25, has an in-frame deletion of 
DNA encoding 12 residues that fall within the predicted helical 
region of the protein (see below). Southern and Northern blotting 
analysis (results not shown) showed no difference in banding 
patterns when DNA encoding either the complete F10 protein or 
F25 was used as a probe, suggesting that the deletion was caused 
by misprocessing of F25’s precursor mRNA or that it represents 
a rare deletion allele. From an alignment (results not shown) of 
the F25 cDNA with the genomic DNA sequences encoding rat 
liver FABP, human intestinal FABP and human cellular retinol- 
binding protein H, the deletion in F25 begins precisely at the 
expected exon-intron junction of intron 1 (results not shown). It 
18 therefore likely that the F25 deletion is indeed an artifact of 
misprocessing, but an analytically useful one. F25 is distinctive in 
that the deletion has removed a-II (which forms one side of the 
putative portal for entry of the ligand; Figure 2) rather than both 
a-I and a-II as examined previously in intestinal FABP [26—28]. 
Deletions and mutations in the helical ‘lid’ region of cLBPs have 
proved instructive in understanding the mode of ligand binding 
in these proteins [27-30]. F25 is additionally useful because it 
provides information on the environments of the Trp side chains 
of the complete F10 protein (see below). 


Ligand binding in wild-type protein and deletion mutant 


Previous preliminary work on an F10-like protein from 5. 
japonicum showed that it binds “C-labelled palmitic acid [6]. 
The fatty-acid-binding activities of F10 and F25 were examined 
here by using environment-sensitive fluorescent fatty acid 
analogues that alter their fluorescence emission spectra and 
intensities on entry into binding proteins [31—36]. Binding of 
DAUDA to F10 was accompanied by a substantial increase in 
both fluorescence intensity and a shift in the fluorescence emission 
maximum from 543 to 493 nm (Figure 3A), indicative of entry 
into an apolar environment [37]. To place this blue shift 1n 
context, rat liver FABP, rat intestinal FABP (both structural 
analogues of Sj-FABPc), BSA and the ABA-1 lipid-binding 
polyprotein of nematodes all produce shifts in DAUDA emission 
to 500, 496, 492 and 475 nm respectively [31,32,34,38]. The 
degree of blue shift ın fluorescence emission with F10 was 
therefore typical for a member of the f-barrel cLBPs; we have 
found a similar shift in cLBP family proteins from other 
invertebrates [22]. F10 was also found to bind the naturally 
fluorescent cis-parinaric acid, as with DAUDA, the addition of 
oleic acid (Figure 4) or arachidonic acid (results not shown) 
displaced the fluorescent probe from the protein. 

Fluorimetric titration of F10 with cis-parinaric acid yielded an 
apparent dissociation constant in the micromolar range (K, = 
2.5+0.1 aM; Figure 4A) and was consistent with 1:1 binding. 
The progressive addition of oleic acid to the mixture caused a 
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Figure 2 Two orientations of a molecular model of F10 to show the general structure and predicted dispositions of Trp-8 and Trp-27 


The mode! was created by SwissModel (CHARMM refined) on the basis of five known crystal structures of cLBPs (see the text). The ribbon representation was created with Setor [70] 
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Figure 3  Fatty-acid binding by the Sj-FABPc F10 protein but not by the 
deletion mutant F25 


Fluorescence emission spectra (A, 345 nm) of approx. 1 «М DAUDA alone or on the additio 
ot 2.1 uM F10 (A) or 4.1 uM F25 (B). The emission spectrum of DAUDA alone in PBS is also 


given, as is the spectrum of DAUDA when in the protein-binding site (difference spectra 
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Figure 4 Titration curves for the binding of с/ѕ-рагіпагіс acid and oleic acid 
to Sj-FABPc F10 protein 


А) Change in relative fluorescence intensity at 408 nm (corrected for dilution; A., 314 nm 
of 11.6 „М cis-parinaric acid on the addition of increasing concentrations of F10 protein Wne 
| line is the theoretical binding curve for complex formation with a dissociation constant A 


il 
of 25+0.1 „М and an apparent stoichiometry consistent with one binding Site per molecule 


of protein. (B) Decrease in relative fluorescence due to the displacement o! cis-parinaric acid 
from F10 by oleic acid. Increasing concentrations of oleic acid were added to a mixture 


containing 2.43 uM cis-parinaric acid and 3.29 jM F10. The solid line is a theoretical curve 
for the simple competitive binding of oleic acid in the DAUDA-binding site of F10, with an 
0! approx 80 nM 


apparent dissociation constant А 


stoichiometric reversal of the fluorescence enhancement effect; 
analysis of the titration curve yielded an apparent Ki" of 
approx. 80 nM (Figure 4B), which is within the range of K, 
values found for other cLBPs [33.38]. The tighter binding 
observed with oleic acid is presumably because oleic acid is more 


representative of the natural ligand than is the highly conjugated 
cis-parinaric acid. Similar titrations with DAUDA, and com- 
petitive titrations with oleic acid, provided K, values of a similar 
order of magnitude to the above. 

We also investigated the binding of F10 to a fluorescent fatty 
acid (DACA) in which the dansyl fluorophore 1s attached at the 
a-carbon rather than at the hydrocarbon terminal, as in 
DAUDA. The DACA probe was found to alter its fluorescence 
characteristics when mixed with F10 in a similar way to that with 
DAUDA, with a similar enhancement of fluorescence intensity 
and peak emission occurring at 489 nm (results not shown). The 
similar changes in emission spectrum of the dansyl fluorophore 
when positioned at either end of a fatty acid indicate that the 
entire ligand 1s taken into the protein and shielded from solvent. 
This is consistent with crystal and NMR structures of cLBP and 
other lipid-transporter proteins in complex with fatty acids or 
retinoids in which they are wholly internalized [39—42]. The 
single exception to this is liver FABP, which is unusual in binding 
two ligand molecules, one fully internalized and the other with its 
carboxylate exposed to solvent [43]. Isolation of ligand from 
solvent in F10 would serve to protect oxidation-sensitive (or 
otherwise sensitive) ligands during transport. —— 

Several of the cLBPs bind retinol, so F10 was also tested for 
retinol binding by exploiting the intrinsic fluorescence of this 
lipid. Because retinol is highly unstable in water, the binding 
assay was modified: retinol was added as a solution 1n ethanol 
directly to protein solution in the fluorescence cuvette [36,44]. 
This yielded no evidence of binding, although control proteins 
(BSA, bovine f-lactoglobulin and recombinant ABA-1 allergen) 
all showed strong binding as manifested by a marked increase in 
the intensity of emission by retinol (results not shown). 

Neither DAUDA nor DACA was found to bind to the 
deletion mutant F25 (Figure 3B). This was unexpected given that 
a previous deletion analysis of human intestinal FABP in which 
the entire helical portion of the protein was removed and replaced 
by a short linker peptide (rather than the deletion of only а-П as 
in F25) did not abrogate binding, although there was a change 
in the dynamics of ligand binding [26,27]. The difference between 
the two cases might lie in a distortion of the structure of the 
portal and binding cavity by F25's remaining section of helix. 


Structural model 


The sequence of F10 aligns well with cLBPs whose structures are 
known from X-ray crystallographic studies, although the amino 
acid sequence similarity between them 1s typically low for this 
family of proteins. These cLBPs are #-strand-rich and have ten 
anti-parallel J-strands forming a flattened f-barrel, with two 
short helices closing one end of the barrel [38,42,45]. The point 
of entry and exit of ligand (the portal) is thought to be between 
«-П and the loops between f-C and 2-р, and J-E and f-F. 
Consistent with this are results from NMR studies showing that 
this region is the most flexible and becomes more ordered in the 
holoprotein [46]. The ligand 1s held within a cavity in the centre 
of the barrel, where it is isolated from solvent and 1s only in 
contact with structured water molecules [38,42,45]. 

The PHD program predicts F10 to be f-nch (6.1% helix, 
64.4% extended/f structures and 29.5% loop/remainder) on 
the basis of multiple alignments assembled from the F10 sequence 
and similar mammalian proteins by the MaxHom routine 
SwissModel was used to create a three-dimensional model based 
on the coordinates of four experimentally derived structures of 
cLBPs identified by PHD as being most similar to F10 in 
sequence, and another based on a multiple comparison of five 
known structures (Protein Data Bank accession codes IHMR, 
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IPMP, 1IADL, [ABO and 1ACD). All the models were checked 
by the PROCHECK suite of programs, the best proving to be 
that based on the five structures; all checks showed better than 
average geometry, and the Ramachandran plot showed 90.9% 
of residues in the most favoured areas, 5.8% in additional 
allowed regions, 3.3% in generously allowed regions, 0% in 
disallowed regions and an acceptable overall geometry. The 
protein 1s modelled closely on the IHMR structure (human 
muscle FABP) [47]; the three-dimensional coordinates of the æ- 
carbon atoms match to about 0.1 A root-mean-square deviation. 
The model is probably therefore faithful to the structure of Sj- 
FABPc and the following predictions are warranted, although 
limited by current uncertainties inherent in structural modelling. 
With the use of Voidoo [48], the volume of the cavity in the 
protein 1s 968 Å?, which is substantially larger than usually found 
for cLBPs. IHMR includes several internal structured water 
molecules and a bound fatty-acid ligand. Removing these gives 
a cavity of approx. 760 À?, which is in the same order of 
magnitude as the F10 model, the difference probably arising 
from side-chain movements in the absence of ligand. In IHMR 
the fatty-acid carboxy group draws two Arg side chains into the 
cavity, thus decreasing its size. In the F10 model the ligand is not 
present and so the Arg side chains are free to move and form 
interactions with the wall of the cavity, thus increasing the 
apparent size. There are three charged residues pointing towards 
the centre of the cavity; the conserved arginines described above 
(Arg-107 and Arg-127) seem to be in a very similar environment 
to that in the IHMR structure and so probably have the same 
role in interacting with ligand carboxylate; Glu-79 also points 
towards the centre of the cavity but is 1n a relatively hydrophilic 
environment (as in 1HMR) and so, as in ІНМК, is probably not 
able to form strong polar interactions. 

Mapping the variant sites observed for the set of Sj-FABPc 
sequences (Figure 1) showed that four out of eight were confined 
to loop regions of the molecule, with all but one of the others 
lying in a-IL. The latter site and the turn between f-I and £-J 
seem to be unusally endowed with variant positions, which might 


' be functionally significant given the strategic positions of this 


helix and the apposition of the f-turn to a-l. It might be 
pertinent that «-I is also notable for being poorly antigenic in 
epitope mapping experiments [11]. Most variant sites 1nvolve 
amino acid side chains that are modelled to be directed to the 
outside of the protein, the single exception being a substitution 
of a side chain projecting into the binding cavity (Gln-94 — His). 
There has so far been insufficient sampling of cLBP genes from 
other sources, including human cLBPs, to generalize about 
clustering of polymorphic sites. The variant sites known so far 
for human cLBPs cluster differently from those of Sj-FABPc, 
which might mean that the latter ıs under immune selection, 
driving a balanced polymorphism in immunologically unportant 
parts of the molecule. 

a-II, but not the adjacent «-I, is unusual ın possessing 
hydrophobic side chains that are predicted to protrude directly 
into solvent, rather than being directed internally. These are Trp- 
27 and Met-32, the former being most notable for 1ts predicted 
degree of exposure and the latter being slanted towards the 
portal of the protein. À similarly exposed hydrophobic side chain 
(Phe-57) is positioned on the turn between f-C and f-D, opposing 
Met-32. Adipocyte lipid-binding protein also has a Phe residue in 
the same position as modelled for Phe-57 in Sj-FABPc; this is 
known from crystallography to alter its orientation markedly on 
the binding of ligand to the protein such that 1t comes to be 
directed into solvent. 

Many proteins that bind fatty acids have a tryptophan residue 
in or near the binding pocket [12,39,49,50]. In some proteins (e.g. 
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Figure 5  Haterogeneity In the solvent environments of Trp-8 and Trp-27 
In the F10 protein 


(A) Intnnsic fluorescence emission spectra of equivalent quantities of FTO and F25 proteins, 
with the wavelengths of peak emission as indicated, A, was 285 nm The spectrum of F10 


is a composite of the emission of Тгр-8 and Trp-27, whereas that of F10 (from which Trp-8 has . 


been deleted) ts of Trp-8 only A difference spectrum (with spectra corrected for protein 
concentration) is also given, which approximates to the emission spectrum of Trp-27 of F10 
in isolation (B) Modified Stem—Volmer plot [56] showing the effect on the intnnsic 
fluorescence emission spectrum of F10 protein after successive additions of succinimide (succ) 
to the fluorescence cuvette The inverse of the intercept with the 4/AF axis rs taken as an 
estimate of the proportion of Trp side chains exposed to solvent, that value here being 0 72 
A, was 285 nm 


f-lactoglobulin and serum albumin), the fluorescence emission 
spectrum of such side chains is observed to alter on the binding 
of lipid, presumably through direct interaction between the 
tryptophan residue and the ligand, alteration in the environment 
of the side chain, or local changes in protein conformation 
[34,51,52]. F10 has two tryptophan residues, one being the 
putatively exposed Trp-27, the other being Trp-8, which is 
positioned on #-А with its side chain angled into the cavity at the 
opposite end to the portal. Excitation of F10 at 287 nm produced 
an emission spectrum that peaked at 339 nm (Figure 5) but there 
was no change on the addition of oleic acid (results not shown). 
This probably indicates that Trp-8 does not interact with ligand 
and that there is no change in the disposition of Trp-27 on the 
binding of ligand. 


Unusual solvent exposure of Trp-27 adjacent to presumptive 
ligand portal 


An unusual feature of the model 1s the predicted orientation of 
Trp-27 1n projecting directly into solvent. Tryptophan side chains 
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are usually buried within proteins unless they are in sites of 
interaction between a protein and a membrane or with another 
protein [53—55]. The predicted disposition of Trp-27 was therefore 
tested by intrinsic fluorescence of the protein and by succinimide 
quenching, a combination of which is used to discriminate 
between exposed and buried tryptophan side chains [56—58]. 

The fluorescence emission spectrum of F10 excited at 285 nm 
showed a maximum at 339 nm (Figure 5A). Denaturation in 6 M 
GdmCl to unfold the protein shifted the fluorescence emission to 
that expected of Trp fully exposed to solvent water (356 nm; 
results not shown). The availability of F25 (from which Trp-27 
was absent) permitted the examination of Trp-8 in isolation; the 
value of 331 nm for its fluorescence emission maximum was 
indicative of a buried side chain (Figure 5). Subtraction of the 
spectra of F10 and F25 gives an emission at 347 nm, which 
should approximate to that of Trp-27 in isolation, assuming that 
the deletion in F25 had not altered the emission characteristics of 
Trp-8. This wavelength of emission would indicate a considerable 
degree of exposure to solvent water. 

The solvent exposure of the Trp side chains was examined 
further by fluorescence quenching with succinimide. When 
quencher was progressively added to a solution of F10, the 
fluorescence emission of the protein decreased progressively, and 
the wavelength of maximum emission shortened (results not 
shown). When these results were analysed with a conventional 
Stern-Volmer plot, the resulting plot was non-linear. Both of 
these effects are indicative of differences in the solvent environ- 
ments of the two tryptophan residues. Analysis with a modified 
Stern-Volmer plot, however, yielded a straight line (Figure 5B) 
with an estimate for the fraction of exposed tryptophan residues 
of 0.72 [56]. Taken together, these results are consistent with a 
distinctiveness of Trp-27 in its exposure to solvent. 

The Trp-27 position in F10 is usually occupied in crystallo- 
graphic structures of mammalian cLBPs by prominent hydro- 
phobic amino acids (frequently Phe, but also Met, Leu, lle and 
Val), which project directly into solvent. This applies to intestinal, 
brain, heart and adipocyte FABPs, among others (group 1), but 
not to liver FABP or ileal lipid-binding protein (LBP) (group 2) 
in which the Trp-27 position is occupied by a charged residue 
(Asp or Glu in liver FABP; Asp or Ser in ileal LBP). Liver FABP 
is considered to be functionally distinct from group 1 cLPBs in 
two respects (there is little comparable information yet for ileal 
LBP). First, ıt can hold two ligand molecules simultaneously, 
whereas all those proteins with prominent apolar amino acids in 
the 27 position hold only one, and it binds a wider range of 
ligand types [59]. Secondly, the group 1 human adipocyte, heart 
and intestinal FABPs are considered to exchange ligand by 
collisional contact with artificial membrane vesicles, whereas 
ligand must enter the aqueous phase to pass to and from liver 
FABP [60,61]. Moreover, also unlike liver FABP, these proteins 
exhibit exposed bulky hydrophobic side chains protruding from 
«-П and the turn between f-C and 6-Р, which are їп similar 
positions to Met-32 and Phe-57 of F10. These flank the pre- 
sumptive portal for ligand entry and exit in these proteins [59] 
and, together with the position 27 side chain, might be crucially 
involved in interactions between cLBPs and membranes or 
receptor proteins. 

Site-directed mutagenesis of surface-exposed lysine residues 
on a-II of H-FABP and on the C/D turn have demonstrated 
that these residues are important to interactions between the 
protein and phospholipid vesicles [29,30]. F10 has lysine residues 
in similar positions and orientations (Lys-22 and Lys-58). The 
unusual exposure of the nearby hydrophobic residues (especially 
at position 27) might, however, be a second feature adjacent to 
the portal that 1s important in interaction between cLBPs and 
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cellular components. This possibility is strengthened by the 
existence of similarly exposed bulky hydrophobic side chains in 
other proteins that interact with membranes [62-64]. It is 
therefore feasible that Trp-27 of Sj-FABPc could be involved in 
transient, shallow interaction with membranes, and that similar 
side chains in other cLBP proteins have a similar role. There is 
spectroscopic evidence that tryptophan residues and simple 
indole analogues partition. preferentially into the interfacial 
region of phospholipid bilayers (specificially the region that 
includes the glycerol backbone and the esters that link the fatty- 
acid chains) and that phenylalanine residues penetrate more 
deeply [65,66]. It could therefore be envisaged that the protruding 
apolar side chain dips into the membrane, whereas the external 
lysine residues interact with the charged head groups of mem- 
brane phospholipid. This would allow the proteins to associate 
with a membrane until encountering ligand dissolved in the 
membrane itself or a transmembrane fatty acid transporter 
protein. 

Could the protruding apolar side chains instead be involved in 
protein-protein interactions? Examples in which isolated, pro- 
truding bulky hydrophobic residues are crucial to protein-protein 
interactions would include the phenylalanine residue involved in 
43% of the intermolecular interactions between CD4 of the 
human lymphocyte surface and gp120 of HIV [67]. Of pertinence 
to cLBPS, it has recently been demonstrated that adipocyte lipid- 
binding protein interacts with hormone-sensitive lipase and 
possibly also with lipid droplets with which the lipase associates 
[68]. It might therefore be that the site on adipocyte lipid-binding 
protein at which this takes place involves the phenylalanine 
residue of adipocyte lipid-binding protein that replaces the Trp- 
27 of F10. 

It is only in the cLBPs of schistosomes and nematodes that the 
27 position is held by a tryptophan residue, so F10 could prove 
to be of value in the fluorescence-based investigation of inter- 
actions between cLBPs and membranes or (membrane) proteins, 
as has been exploited for the study of amphipathic peptides 
interacting with artifical membrane vesicles [69]. If the Trp-27 
feature is predictive of function, then Sj-FABPc might be one 
with the cLBPs that actively transfer proteins within the cyto- 
plasm rather than acting as a holding/storage proteins, as liver 
FABP is thought to do [27,59,60]. The fact that both Sj-FABPc 
and adipocyte lipid-binding protein both seem to associate with 
lipid droplets [9,68] might also be more than mere coincidence. 
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REVIEW ARTICLE 


Sphingosine 1-phosphate signalling in mammalian cells 


Susan PYNE' and Nigel J. PYNE! 


Department of Physiology and Pharmacology, Strathclyde Institute for Biomedical Sciences, University of Strathclyde, 27 Taylor Street, Glasgow G4 ONR, Scotland, U.K 


Sphingosine 1-phosphate is formed in cells in response to diverse 
stimuli, including growth factors, cytokines, G-protein-coupled 
receptor agonists, antigen, etc. Its production is catalysed by 
sphingosine kinase, while degradation is either via cleavage to 
produce palmitaldehyde and phosphoethanolamine or by 
dephosphorylation. In this review we discuss the most recent 
advances in our understanding of the role of the enzymes involved 
in metabolism of this lysolipid. Sphingosine 1-phoshate can also 
bind to members of the endothelial differentiation gene (EDG) 
G-protein-coupled receptor family [namely EDG1, EDG3, 
EDGS (also known as H218 or AGR16), EDG6 and EDG8] to 
elicit biological responses. These receptors are coupled different- 
Шу via G, Сб, G,,,, and Rho to multiple effector systems, 
including adenylate cyclase, phospholipases C and D, extra- 
cellular-signal-regulated kinase, c-Jun N-terminal kinase, p38 
mitogen-activated protein kinase and non-receptor tyrosine 
kinases. These signalling pathways are linked to transcription 
factor activation, cytoskeletal proteins, adhesion molecule expres- 
sion, caspase activities, etc. Therefore sphingosine 1-рһоѕрћаќе 
can affect diverse biological responses, including mitogenesis, 
differentiation, migration and apoptosis, via receptor-dependent 


mechanisms. Additionally, sphingosine 1-phosphate has been 
proposed to play an intracellular role, for example in Ca** 
mobilization, activation of -non-receptor tyrosine kinases, in- 
hibition of caspases, etc. We review the evidence for both intra- 
cellular and extracellular actions, and extensively discuss future 
approaches that will ultimately resolve the question of dual 
action. Certainly, sphingosine l-phosphate will prove to be 
unique if it elicits both extra- and intra-cellular actions. Finally, 
we review the evidence that implicates sphingosine 1-phosphate 
in pathophysiological disease states, such as cancer, angiogenesis 
and inflammation. Thus there is a need for the development 
of new therapeutic compounds, such as receptor antagonists. 
However, identification of the most suitable targets for drug 
intervention requires a full understanding. of the signalling and 
action profile of this lysosphingolipid. This article describes 
where the research field is in relation to achieving this aim. 


Key words: endothelial differentiation gene (EDG), lipid phos- 
phate phosphatase, lysosphingolipid, sphingosine kinase, 
sphingosine 1-phosphate lyase. 
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INTRODUCTION 


Sphingosine l-phosphate (S1P) is a polar sphingolipid metabolite 
which has been proposed to act both as an extracellular mediator 
and as an intracellular second messenger. Extracellular effects 


. are mediated via a recently identified family of plasma membrane 


cM 


G-protein-coupled receptors (GPCRs), whereas specific intra- 
cellular sites of action remain to be defined. SIP is stored and 
released from platelets upon their activation, but can also be 
synthesized in a wide variety of cell types in response to 
extracellular stimuli, such as growth factors and cytokines. S1P 
affects diverse biological processes, including cell growth, differen- 
tiation, migration and apoptosis, and may have an important 
role in pathophysiological disease states, such as atherosclerosis 
and cancer. 


SPHINGOLIPID METABOLISM 


It 15 beyond the scope of this review to describe sphingolipid 
metabolism in detail, and the reader is referred to more specific 
articles on this subject [1,2]. However, a brief overview is 
provided, with detais of several useful compounds for the 
selective inhibition of key «enzymes, which may be used to 


ultimately modulate SIP metabolism in cells (Schemes la and 
Ib). 

Ceramide may be important in determining apoptotic 
responses to stress [1,2]. However, it may also serve as a precursor 
for the synthesis of SIP, which, in certain cell types, 1s implicated 
in cell survival. This suggests that the metabolic conversion of 
ceramide into SIP could switch cells from an apoptotic state to 
a proliferative one. Therefore inhibition of the conversion of 
ceramide into SIP might be usefully exploited to induce cell 
death in disease, such as cancer. Ceramide сап be synthesized 
either in response to the agonist-dependent activation of sphingo- 
myelinases or de novo. Agonist-dependent activation of 
sphingomyelinases has been observed in résponse to growth 
factors, cytokines and arachidonic acid [3]. Additionally, cellular 
stress and changes in the redox state of the cell can result in 
sphingomyelinase activation [4,5]. To date, five distinct sphingo- 
myelinases have been identified, based on their pH optima, 
cellular localization’ and cation dependence [2,3]. Ceramidase 
catalyses the deacylation of ceramide to produce non-esterified 
fatty acid and sphingosine. Both an acidic ceramidase [6,7] 


(deficient 1n. Farber's disease and inhibited by the ceramide 


analogue N-oleoylethanolamine) and an alkaline ceramidase [8] 


Abbreviations used BAPTA/AM, bis-(o-aminophenoxy)ethane-N,N,IV',N'-tetra-acetic acid tetrakis(acetoxymethyl ester), EDG, endotheltal differen- 
tiation gene, EGF, epidermal growth factor, ERK, extracellular-signal-regulated kinase, EST, expressed sequence tag, FAK, focal adhesion kinase, 
GPCR, G-protein-coupled receptor, IGF, insulin-like growth factor, JNK, c-Jun: N-terminal kinase, LDL, low-density lipoprotein, LPA, lysophosphatdic 
acid, LPP, lipid phosphate phosphatase, MAPK, mitogen-activated protein kinase, NGF, nérve growth factor, PA, phosphatidic acid, PDGF, platelet- 
derived growth factor, PISK, phosphoinosrtide 3-kinase, PKC, protein kinase C, PLC/D, phospholipase C/D, SH2, Sre homology 2, SPC, 
sphingosyiphosphocholine, S1P, sphingosine 1-phosphate, SPHK, sphingosine kinase, SRE, serum response element, SAF, serum response factor, 


TNFa, tumour necrosis factor a^ - 


1 Correspondence may be addressed to either author (e-mail susan pyne@strath ac uk or nj pyne@strath ac uk) 
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Scheme 1 Sphingolipid metabolism 


(8) 51Р biosynthesis and degradation, (b) de nove ceramide biosynthesis Structural formulae of the sphingolipids are shown, with enzymes denoted in green and ther inhibitors in red Abbreviations 
MAPP, n-erythro-2-( A-myristoytamino)-1 -phenylpropanol; PPMP, p-fhreo-1-phenyt-2-palmitoylamino-3-morpholino-1 -propano!, PDMP, n-(rso-1-phenyi-2-decanoylamino-3-morpriolino-1 -propanol 


[inhibited by p-erythro-2-(N-myristoylamino)-1-phenylpropanol 
(D-MAPP)] exist. The resulting sphingosine may act as the 
substrate for sphingosine kinase (SPHK) to produce SIP. This is 
cleaved by SIP lyase (to produce palmitaldehyde and phospho- 
ethanolamine) or dephosphorylated by SIP phosphatase. 
Alternatively, ceramide can be converted back into sphingo- 
myelin by the addition of a phosphocholine headgroup (donated 
by phosphatidylcholine), catalysed by sphingomyelin synthase 
[9] (Scheme 1a) 

De novo ceramide synthesis (which occurs in the endoplasmic 
reticulum) 15 initiated by the condensation of serine and 
palmitoyl-CoA to produce 3-oxosphinganine and CO,, catalysed 
by serine palmitoyltransferase. 3-Oxosphinganine is rapidly 
reduced to dihydrosphingosine (sphinganine) by an NAD(P)H- 
dependent reductase which is stereospecific for the D-isomer. 
Subsequently, dihydrosphingosine is N-acylated to djhy- 
droceramide, catalysed by dihydroceramide synthase. Dihydro- 
ceramide desaturase catalyses the subsequent introduction of a 
trans double bond at C-4—C-5 to produce ceramide. De novo 
ceramide synthesis can be blocked at serine palmitoyltransferase 
by L-cycloserine [10] or by the fungal metabolite myriocin [11], 
whereas the mycotoxin fumonisin inhibits dihydroceramide 
synthase [12]. 

Ceramide produced de novo can be metabolized to glyco- 
sphingolipids, the first step of which is catalysed by a glucosyl- 
ceramide synthase [13] (Scheme 1b). This enzyme is inhibited by 
the ceramide analogues D-fAreo-1-phenyl-2-palmitoylamino-3- 
morpholno-1-propano] (PPMP) апа  p-threo-1-phenyl-2- 
decanoylamino-3-morpholino-1-propanol (PDMP), a potential 
anti-cancer agent [14]. Alternatively, ceramide can be 
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phosphorylated by a calctum-activated ceramide kinase to pro- 
duce ceramide 1-phosphate [15,16]. 


SPHK 


SPHK was originally purified from rat kidney as a 49 kDa 
protein, with K, values of 5 „М and 93 uM for sphingosine and 
ATP respectively [17]. The enzyme binds calmodulin in the 
presence of calcium. Subsequently two SPHKs have been cloned 
[18]. Kohama and colleagues [18] trypsin-treated the purified 
kidney form and obtained amino acid sequences of eight peptides. 
Using tBLASTn algorithm searches they identified several ex- 
pressed sequence tags (ESTs) which yielded predicted amino acid 
sequences similar to those of three of the peptides obtained by 
trypsin treatment of purified kidney SPHK. Subsequently, two 
clones from mouse were obtained with apparent open reading 
frames of 381 and 388 amino acids containing homologous 
sequence encoding seven of the eight peptides obtained from the 
rat kidney form. The enzymes were designated SPHK la and 
SPHK 1b. Their predicted molecular masses were 42.3 and 43.2 
kDa. These isoforms differ in only a few amino acids at the 
N-terminus, suggesting that they may be derived by alternative 
splicing of the same mRNA transcript. However, since both 
cDNAs lacked Kozak sequences [19], the suggestion 1s that they 
may represent only partial cDNAs. Therefore, until upstream 
sequence at the 5' end is obtained, the exact relationship of 
the two forms is unknown. 

SPHK mRNA expression has been detected as a 2.4 kb mRNA 
species 1n most tissues, with abundant expression in lung and 
spleen, and barely detectable levels in skeletal muscle and liver. 


or 


A SPHK gene family has been identified which includes LCB4 
and LCB5 from Saccharomyces cerevisiae [20]. Other potential 
SPHKs were identified in the genomic sequences of Caeno- 
rhabditis elegans and Schizosaccharomyces pombe. Five critical 
regions of highly conserved amino acids (С1-С5) have been 
identified in all the forms, including the mammalian enzymes. 
Regions C1 and C3 of SPHK show 35 % and 5894 identity with 
residues 296-315 and 378—389 respectively of human diacyl- 
glycerol kinase б [21], which are present in the conserved 
subdomain 1 of all diacylglycerol k паѕе isoforms. Subdomain 1 
18 believed to contain the ATP-binding site that is distinct from 
that present in protein-specific protein kinases [22] Therefore, 
because of the close similarity with diacylglycerol kinase, 
Kohama et al. [18] have suggested that C1 and C3 in SPHK 
might also constitute an ATP-binding domain. More specifically, 
the invariant sequence, Gly-Gly-Lys-Gly-Lys, within the Cl 
domain of SPHK ıs suggested to form part of the ATP-binding 
site. 

The cloned murine SPHK isoforms contain at least three 
calcium/calmodulin-binding consensus sequences and several 
potential protein kinase phosphorylation sites: one for protein 
kinase A, two for casein kinase II and eight for protein kinase C 
(PK C). The presence of the latter is of interest because SPHK in 
intact cells has been shown to be stimulated by PKC activators, 
such as PMA [23]. Furthermore, inhibition of ceramide-induced 
apoptosis by PKC activation 1s associated with the stimulation of 
SPHK and SIP formation [23]. The mammalian SPHKs also 
lack Srce homology 2 (SH2), SH3 and pleckstrin homology 
domains, suggesting that they do not interact with phospho- 
tyrosine-containing adaptor proteins, G-protein fy subunits or 
phospholipids, such as phosphatidylinositol 3,4,5-trisphosphate. 
Earlier in vitro studies demonstrated that the enzyme could 
be activated by acidic phospholipids such as phosphatidate, 
phosphatidylinositol, phosphatidylinositol 4,5-bisphosphate and 
especially phosphatidylserine [24], suggesting a possible relation- 
ship between S1P levels and glycerophospholipid signalling. 

SPHK 1а activity, measured in lysates of transiently transfected 
НЕК 293 cells, has specificity for the trans isomer of p-erythro- 
sphingosine (К, 2.15 4M). The enzyme can also phosphorylate 
D-erythro-dihydrosphingosine, but to a lesser extent. Ceramide, 
diacylglycerol, phosphatidylinositol and phytosphingosine were 
not substrates. №, N-Dimethylsphingosine and D,L-threo-dihydro- 
sphingosine were confirmed as inhibitors of SPHK, with K, 
values of 2.64 and 2.15 4M respectively. 

Transient transfection of HEK 293, NIH 3T3 and Swiss 3T3 
cells with SPHK la resulted in a 400—800-fold increase in SPHK 
activity [18,25]. The transfected SPHK activity partitioned into 
both cytosolic and membrane fractions (approx. 70—80 95 cyto- 
solic and 20-30 % particulate) Indeed, the lack of hydrophobic- 
enriched domains and of a signal peptide in the protein are 
consistent with 1ts predominantly cytosolic localization. Platelet- 
derived growth factor (PDGF) stimulated a 2-fold increase in the 
specific activity of cytosolic SPHK 1a, but did not induce signifi- 
cant translocation to the membrane fraction [25]. Other studies 
support the presence of both membrane and cytosolic SPHK 
activities. Notably, in platelets, 70% of total activity was 
particulate and 30% cytosolic [26]. Chromatographic fraction- 
ation of the cytosol resolved two distinct SPHK activities. 
Therefore multiple isoforms of SPHK may exist, with different 
physiological roles and possibly derived from distinct genes. 

Transfection of NIH 3T3 cells with SPHK 1a resulted in a 
marked (21-fold) increase in SIP mass, with 67%-and 29% 
decreases in sphingosine and ceramide repsectively. However, 
the net increase in SIP (0.95 pmol/nmol of total phospholipid) 
did not equate with the observed decrease in ceramide and 
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sphingosine (which totalled 6.23 pmol/nmol of total phospho- 
lipid) [18]. This suggests the concomitant removal of SIP by, for 
instance, 51Р lyase and/or SIP phosphatase and/or efflux. 


S1P lyase 


SIP lyase catalyses the cleavage of SIP at the C-2-C-3 bond to 
produce hexadecanal (palmitaldehyde) and phosphoethanol- 
amine [27,28]. The enzyme requires the coenzyme pyridoxal 5'- 
phosphate, has a pH optimum of 7.4—7.6 and is inhibited by 
heavy-metal ions. Activity 1s specific for the D-erythro isomers (in 
common with SPHK) of phosphorylated sphingoid bases, in- 
cluding 81Р, dihydrosphingosine l-phosphate and phyto- 
sphingosine 1-phosphate, although chain length can vary. The 
enzyme is ubiquitously expressed with regard to species and 
mammalian tissues, with the notable exception of platelets, 
where it is absent. SIP lyase activity was present in cultured 
human fibroblasts to which ['HldihydroS1P (1 aM) was added 
[29]. [7H]DihydroS1P was rapidly taken up by the fibroblasts 
and converted, ın part, into [*H]palmitaldehyde, which was 
further metabolized into glycerophospholipids and alk(en)yl- 
phospholipids. 

51Р lyase was first cloned by D-erythro-sphingosine selection 
of Saccharomyces cerevisiae transformed with yeast genomic 
library carried on the pRS202 high-copy shuttle vector [30]. The 
most highly represented insert was subcloned and sequenced to 
identify a novel gene termed BST! (bestower of sphingosine 
tolerance). BST1 (since renamed DPL1) 1s а 65.5 kDa protein 
comprising 589 amino acids, and 1s 23 % identical with gadA and 
gadB of Escherichia coli, which encode glutamate decarboxylase, 
another pyridoxal 5'-phosphate-dependent enzyme that catalyses 
the synthesis of y-aminobutyric acid. Deletion of BSTI/DPLI 
resulted in increased sensitivity to exogenous D-erythro-sphin- 
gosine and phytosphingosine. In addition, the bstl/dpllA de- 
letion mutant accumulated SIP upon exposure to exogenous 
sphingosine. 

A mammalian SIP lyase gene has also been identified [31] 
using a BLAST search of the Genbank EST database for sequence 
similarity with the SIP lyase gene of Caenorhabditis elegans. An 
EST with an open reading frame of 1707 nucleotides was found 
which encodes a protein of 568 amino acids and a predicted 
molecular mass of 63.7 kDa. Hydropathy analysis indicates that 
the enzyme contains a single 20-amino-acid transmembrane 
domain close to the N-terminus. Indeed, the enzyme is located in 
membranes within mammalian cells. Comparison of the deduced 
amino acid sequence of the mouse SIP lyase with that of 
Saccharomyces cerevisiae BST1/DPLI and C. elegans revealed 
59 95/62 94 similarity and 40 95/39 % identity respectively. Fur- 
thermore, the mouse gene encodes SIP lyase activity, confirmed 
by its expression in the Saccharomyces cerevisiae bstl/dpliA 
deletion mutant. Under these conditions, the sphingosine-sen- 
sitive phenotype was reversed, demonstrating that the mouse 
gene can complement the yeast defect when expressed. Analysis 
of SIPlyase mRNA levels was consistent with previously reported 
SIP lyase activity levels, being most abundant in liver, followed 
by kidney, lung, heart and brain. 


81Р phosphatase 


Several lipid phosphate phosphatases (LPP1/1a/2/3) have been 
cloned and exhibit a broad substrate specificity which includes 
SIP, lysophosphatidic acid (LPA), phosphatidic acid (PA) and 
ceramide 1-phosphate [32]. A mammalian SIP-specific phos- 
phatase has yet to be cloned. However, a SIP phosphatase which 
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is distinct from the LPP activities has been detected in mammalian 
cells. Dephosphorylation of SIP to sphingosine has been observed 
in tissue homogenates [33] and whole cells [29]. For example, 
human fibroblasts incorporated exogenous ['H]dihydroSlP 
(1 uM) and, in part, dephosphorylated it to [*H]sphingosine, 
which was subsequently metabolized to [*H]ceramide and 
[*H]sphingomyelin. The rate of dephosphorylation of 81Р by this 
phosphatase was calculated to be at least the same as that of its 
degradation by SIP lyase. A later study by the same group 
identified both high- and low-K, dihydroSIP phosphatase ac- 
tivities in liver homogenate [34]. The high-affinity enzyme was 
predominantly associated with the plasma membrane and 
exhibited a pH optimum of 7.5. Significantly, the activity was 
distinguished from that of LPP (and other phosphatases) by the 
differential effects of bivalent cations, chelators, water-soluble 
and amphiphilic phosphate esters and detergents 

Two specific genes (YSR2/LBP2 and YSRI/LBPl, where 
YSR stands for yeast sphingosine resistance) have been identified 
in Saccharomyces cerevisiae which encode a dihydrosphing- 
osine/phytoS1P phosphatase [35,36] Thus a ysr2A deletion 
mutant accumulated dihydroS1P, whereas overexpression of 
YSR2 conferred sphingosine resistance to a dihydroS1P lyase- 
defective mutant, which 1s hypersensitive to sphingosine [35]. 
Similarly, deletion of LBP2 resulted in the accumulation of long- 
chain sphingoid bases and lowered ceramide levels [36]. Further- 
more, YSR2 and LBPI specifically dephosphorylated dihy- 
drosphingosine/phytosphingosine phosphate and SIP, but not 
ceramide 1-phosphate or PA [35,36]. Deletion of LBP1 and 
LBP2 dramatically enhanced cell survival upon severe heat 
shock, suggesting that phosphorylated sphingoid bases modulate 
stress responses ш yeast in a manner similar to that observed 
in mammalian cells. 


MEASUREMENT OF S1P 


A number of methods are available to measure SIP levels in 
tissue and cell samples. S1P exhibits unusual solubility for a lipid 
due to its polar headgroup. SIP (and ceramide 1-phosphate) can 
be selectively separated from other phospholipids and sphingo- 
lipids when an alkaline lipid extraction is used. Under these 
conditions, SIP partitions into the aqueous phase. S1P can be 
quantified by its chemical modification to *H-labelled ceramide 
l-phosphate [37] or by dephosphorylation to sphingosine fol- 
lowed by rephosphorylation (in the presence of [y-**P]ATP) to 
[*3P]S1P [38]. Alternatively, relative changes in the SIP content 
of cells can be measured by incorporating radiolabelled palmitate, 
serine or sphingosine into cellular sphingolipids. 

Yatomi et al. [37] obtained quantitative measurements of 
SIP by its extraction from cells and chemical conversion into 
N-PH]acetylated 81Р (i.e. РНІС,-сегатійе 1-phosphate) by N- 
acylation with [*H]acetic anhydride. The assay detects between 
30 pmol and 10 nmol. Using this technique, 51Р was quantified 
in human platelets, plasma and serum and in all rat tissues 
examined, being most abundant in testis and intestine (see Table 
1; [27-40]. The biological significance of the observed 51Р tissue 
distribution is yet to be determined. However, a correlation 
exists between the S1P content in the plasma of platelet concen- 
trates, poor platelet increments and the occurrence of transfusion 
reactions 1n patients [41]. 

Alternatively, SPHK preparations can be used to quantify SIP 
(in the range 0.25 pmol-2.5 nmol) in biological samples [38] 
(Table 1). SIP of cell extracts, prepared under alkaline conditions, 
1s dephosphorylated with alkaline phosphatase to produce sphin- 
gosine, which 1s then incubated with a SPHK preparation, 1.e. the 
cytosol from cells transfected with cloned mammalian SPHK 
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Table 1 81Р and sphingosine levels 


Values are means, means +5 D or ranges 


Species Plasma/serum SIP (uM) Sphingosine (uM) Ве 

Human Plasma 0194-008 – [39] 
Human Serum 0 48 -+008 — [39] 
Bovine (foetal) Serum 034 0.05—0 1 [38] 
Bovine. (calf) Serum 011 005-0 1 [381 
Bovine (calf) Serum“ Negligible 0 05-01 [38] 
Horse Serum 0 68 0 05-01 [38] 
Tissue (rat) S1P (pmol/mg wet wt) — Sphingosine (pmol/mg wet wi) Ref 

Testis 98 -= [40] 
Testis 05 65 [38] 
Spleen 39 — [40] 
Splesn 24 22 [38] 
Brain 37 -— [40] 
Brain 58 8 [38] 
Heart 8 - [40] 
Heart 06 6 [38] 
Liver 1 = [40] 
Liver 0.7 9 [38] 
Kidney 12 - [40] 
Kidney 06 8 [38] 
Eye 21 1 [38] 
Intestine 90 - [40] 
Lung 18 — [40] 
Muscle 3 - [40] 
Celi type SiP (pmoi/10* cells) Sphingosine (pmol/10* cells) Ref 

Platelets 14144 37 r6 [37] 
Neutrophils 150 +28 - [39] 
Erythrocytes 7173-166 — [39] 
Swiss 3T3 1600 + 200 — [43] 
HL60 111410 2500+ 280 [38] 
Jurkat 40-10 610560 [38] 
U937 2030 + 160 1380 +120 [38] 
C8 glioma 1670 +390 414 4- 860 [38] 
MCF? 1140+140 11000 +570 [38] 
PC12 860 + 60 12100 710 [38] 


* репоівѕ charcoal-sinpped 





[38]. The cytosol of Swiss 3T3 cells [24] or partially purified 
enzyme [17,42] can also be used. Chain length and degree of 
saturation also affect activity, which can be promoted by the 
inclusion of phospholipids [24]. 

A comparison between these two methods (Table 1) shows an 
approximate 10-fold difference in the chemical amounts of SIP 
detected. The reasons for this are not clear. However, SPHK 
selectively phosphorylates only p-erythro-sphingosine and to a 
lesser extent D-erythro-dihydrosphingosine, whereas the acylation 
method would detect other lysolipids containing an amino group 
that might be present in the alkaline lipid extract. 


AGONIST-STIMULATED $1P FORMATION 


A wide variety of stimuli have been shown to increase SPHK. 
activity and elevate SIP levels (Table 2). These include growth 
factors, GPCR agonists, cytokines, phorbol esters, vitamin D, 
and antigen. 

PDGF and serum stimulated a rapid activation of SPHK 
(1.4-1.5-fold at 10-15 min) and transient production of SIP 
(maximum of 2.2—2.8-fold increase over basal at 3 min) in Swiss 
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Table 2  Agonist-stimulated S1P production 
Abbreviations FMLP, formy!-Met-Leu-Phe, HUVEC, human umbilical-vein endothelral cells 


(a) Acute and transient 

Cell type Sürnulus Ref 
Swiss 3T3 PDGF/Toetal calf serum [43] 
Airway smooth muscle PDGF [44] 
M,/M,-transfected НЕК 293 Carbachol [45] 
RBL-2H3 mast cells Antigen [46] 
U937 Antigen [47] 
HL60 FMLP [48] 
HUVEC TNFa [49] 
HEK 293 EGF [91] 
(b) Chronic and sustained 

Cell type Stimulus Ref 

HEL PMA [53] 
PC12 NGF [54] 
HL60 Vitamin D. [55] 
Vascular smooth muscle Oxidized LDL [56] 
RP11 penosteal cells Forskolin [57] 





3T3 fibroblasts [43]. PDGF also stimulated transient SIP for- 
mation 1n airway smooth-muscle cells [44]. Similar kinetics and 
magnitude of response were observed for carbachol stimulation 
of M, and M, muscarinic receptors in transfected HEK 293 cells 
[45], and antigen-stimulated clustering of high-affimty IgE 
receptors (FceRI) in a rat mast cell line (RBL-2H3) [46] and of 
IgG receptors in cytokine-primed U937 cells [47], formyl peptide 
receptor-stimulated HL60 cells [48] and tumour necrosis factor a 
(INFa)-stimulated human umbilical vein endothelial cells [49] 
These rapid and transient kinetics are consistent with a second 
messenger action and/or an autocrine/paracrine role. Epidermal 
growth factor (EGF) also stimulates SPHK, although this varies 
between different cell types. For example, EGF 1s without effect 
in Swiss 3T3 cells [50] and HEK2 clones, but is effective in a 
HEK3 clone [51]. 

The regulatory mechanisms governing SPHK activity have not 
been fully defined. The presence of calcium/calmodulin-binding 
domains and PKC phosphorylation sites in the protein suggest 
that receptor activation linked via phospholipase C (PLC) to 
inositol 1,4,5-trisphosphate and diacylglycerol formation may 
represent an acute mechanism for increasing activity of the 
kinase. Indeed, this appears to be the case for PDGF which has 
engaged PDGF receptor f. Using various mutants of PDGF 
receptor Ё, Olivera and colleagues [52] demonstrated that phenyl- 
alanine substitution of tyrosine-1021, which acts as a docking 
site for PLCy, blocked PDGF-induced activation of SPHK. In 
contrast, mutation of tyrosine-740/751 and -1009, which are 
responsible for binding of phosphoinositide 3-kinase (PI3K) and 
SHP-2 respectively, did not abrogate PDGF-stimulated SPHK 
activity. Calcium-dependent activation of SPHK was supported 
by the inhibitory effects of intracellular Ca** chelators, such 
as BAPTA/AM [bis-(o-aminophenoxy)ethane-N,N,N’,N’-tetra- 
acetic acid tetrakis(acetoxymethyl ester)]. Whilst this supports a 
model ın which Ca!* mobilization by PDGF may activate SPHK, 
other studies suggest that SPHK activation precedes Ca** 
mobilization, e.g. in FceRI-stimulated rat mast cells [46]. Other 
signalling pathways have also been implicated in the regulation 
of РНК. For instance, in cytokine-primed 17937 cells, SPHK 
activation was shown to be dependent upon the tyrosine kinase- 


mediated activation of phospholipase D (PLD) [47]. Further- 
more, in HL60 cells, SPHK was stimulated by direct G-protein 
activation [48]. The mechanism underlying TNFa activation of 
SPHK remains undefined, but does not require prior sphingo- 
myelinase and ceramidase activities [49]. 

SPHK. can also be regulated chronically (hours/days), e.g. by 
PMA [53], nerve growth factor (NGF) [54], vitamin D, [55] and 
oxidized low-density lipoprotein (LDL) [56]. PMA-induced 
increases in SPHK activity in HEL cells were dependent upon 
both transcription and translation [53] and may be involved in 
differentiation. For instance, the NGF-stimulated differentiation 
of PC12 neuronal cells correlates with a 4-fold increase in the 
И ах Of SPHK, an effect which required protein kinase activity 
and protein synthesis [54]. In HL60 cells, SPHK activation by 
vitamin D, supports a cytoprotective role for 51Р [55]. Similarly, 
CAMP suppression of apoptosis in RP-11 periosteal cells is 
mediated by activation of SPHK [57]. Stimulation of SIP 
production by oxidized LDL, which occurs downstream of 
sphingomyelinase and ceramidase, has also been implicated in 
smooth-muscle cell proliferation [56]. 


EXTRACELLULAR VERSUS INTRACELLULAR ACTIONS 


A key question is whether S1P formed intracellularly in response 
to extracellular agonists 1s released from cells to act on cell- 
surface GPCRs. In this manner, SIP would act as either an 
autocrine or a paracrine factor. Alternatively, SIP may function 
as a second messenger for growth factors, by altering the activity 
of specific intracellular target proteins (Figure 1). In the following, 
we have reviewed the evidence for both extracellular and 
intracellular actions of SIP. 


Identification of GPCRs for 81Р 


To date, five closely related GPCRs of the EDG (endothelial 
differentiation gene) family (EDG1, EDG3, EDG5/AGRI6/ 
H218, EDG6 and EDG8/nrg-1) have been identified as high- 
affinity SIP receptors [58-64]. They are integral membrane 
proteins that are probably glycosylated, predicted to have seven 
transmembrane domains and exhibit approximately 50 95 amino 
acid sequence identity. 

EDGI was identified as an immediate-early gene product in 
phorbol ester-differentiated human umbilical vein endothelial 
cells, and was suggested to play a role in the morphogenetic 
differentiation of vascular endothelial cells into capillary-like 
tubules and in angiogenesis [58]. Amino acid sequence analysis of 
EDG1 showed that it is a 380-amino-acid protein containing 
seven hydrophobic transmembrane-spanning domains and 
significant sequence similarity with the GPCR family [58]. Fusion 
of the third intracellular loop of EDGI with glutathione S- 
transferase polypeptide was used to make an affinity matrix to 
which members of the G, family could bind [65]. Indeed, 
overexpression of ЕРСІ in HEK 293 cells led to association with 
Сб, and G, polypeptides [65]. Furthermore, EDG1-induced 
activation of extracellular-signal-regulated kinase (ERK) was 
blocked by pertussis toxin (which ADP-ribosylates and in- 
activates G,/G,) [65]. A high similanty (25%) between EDGI 
and the cannabinoid receptor suggested that the EDG1 ligand 
may be a lipid. This was confirmed ın assays of morphogenetic 
differentiation, which was dependent on EDG1 expression and 
the presence of serum-borne lipid, SIP. Further characterization 
studies confirmed EDGI to be a GPCR with high affinity for SIP 
(measured K, values of 8.1 nM [66] and 13.2 nM [67]). A variety 
of sphingolipids and lysolipids failed to significantly displace 
[*P]SIP in EDGI-transfected cells [66,67]. 
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Figure 1 Extracellular versus Intracellular role of 81P 


‚©, Second messenger actions 
Sphingosine 
$1 







S1P produced fn response to agonist stimulation may elicit second messenger actions before its removal by 51Р phosphatase and/or S1P lyase In addition, 51Р may be released from cells to 


act in a paracrine and/or autocrine manner at EDG receptors R, receptor 


Other studies using transfected CHO, HEL, Cos-7 and Sf9 
cells have all confirmed that EDG1 functions as a high-affinity 
S1P receptor which couples to a number of signalling pathways 
via G,/G, [68,69]. More recently, EDGI-transfected Sf9 cells 
were used to establish that SIP binding to this receptor in fact 
activates several members of the G-protein family, including G,,, 
G,,, G,,, G, and G,, but not G,, G,, G,, or G,, [70]. Others have 
also shown that EDGI receptors can utilize Rho-dependent 
signalling. For instance, S1P-stimulated morphogenetic different- 
iation of EDGI-transfected HEK 293 cells was shown by Lee et 
al. [66] to be G -independent and blocked by the C3 exoenzyme, 
a specific inhibitor of the small GTPase Rho, which regulates 
stress fibre formation and focal adhesions [71]. Recent studies 
have confirmed these findings in T lymphoma cells, where Rho 
and Rac appear to be involved in SIP-induced migration [72]. 

EDG! has also been reported to act as a low-affinity receptor 
for LPA (K, 2.3 4M), the binding of which induces EDG1 
receptor phosphorylation [73]. However, no effects of LPA were 
evident in membranes of Sf9 cells co-expressing EDGI and G,,, 
whereas S1P was effective [70]. 

EDG3 and EDGS also have high affinity for S1P (measured K, 
values of 23 nM and 27 nM respectively [74] and 26.2 nM. and 
20.4 nM respectively [67]), which is poorly displaced by other 
sphingolipids and lysolipids, including LPA, sphingosylphospho- 
choline (SPC), cyclic 81Р, C,-ceramide 1-phosphate, ceramide 
and sphingosine [74]. DihydroS1P (K, 15 nM [75]) and SPC are 
most effective. The K, for SIP binding at EDG6 1s 12-19 nM 
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[62], with SPC exhibiting an approx. 50-fold lower binding 
affinity, whereas LPA was ineffective. The recently cloned EDG8 
has a K, of 2 nM for SIP, dihydroS1P was equipotent, whereas 
SPC was relatively ineffective [63]. 

EDG3 and EDG5 communicate not only via G, but also 
through G,, G,, and G,, [76—78]. Interestingly, in transfected Sf9 
cells, the expression of EDG3 and EDGS also produced consti- 
tutive activation of G,, and G,, respectively [70]. Several studies 
are consistent with the use of G,, G,, and G,, by these EDG 
receptors. Co-expression of a G,/G, а subunit chimaera (Ga) 
with EDG3 or EDGS potentiated SIP-stimulated rises in in- 
tracellular Ca?*. Furthermore, co-expression of Ga,, with EDGI 
allowed SIP-stimulated coupling to the G, pathway [78]. In 
addition, it was also shown that suramin acts as & subtype- 
specific functional antagonist of EDG3 (IC,, 22 4M) [78]. EDG6 
couples via G,» whereas a role for G,, G,,,,, and/or Rho has yet 
to be addressed [62]. EDG8 couples via С,,, but not through G, 
[63]. 

As a general paradigm, the role of Rho in EDG receptor 
signalling has still to be fully defined. For EDG3 and EDG5 
receptors, coupling to G,,4, may be the predominant route of 
Rho activation [79,80]. Indeed, Ga,,,, has been shown to imti- 
ate RhoGTP regulation of serum response element (SRE)- 
mediated transcription, cytoskeletal rearrangement, PLD and 
PI3K [81]. Moreover, RhoGEF, which promotes guanine nucleo- 
tide exchange in Rho, is stimulated by G,, [82,83]. The mechan- 
ism for this remains to be determined. One possibility is that the 


Gfy,, dimer may act as an adaptor for Rho. As mentioned 
above, ЕРСІ receptor signalling has also been shown to be Rho- 
dependent [66], e.g. SIP stimulates morphogenetic changes in 
EDGI-transfected НЕК 293 cells. However, studies by Windh et 
al. [70] demonstrated that EDG1 does not functionally couple to 
G,, or G,, Therefore EDGI must activate Rho by a different 
mechanism. 

These observations support the conclusion that S1P-specific 
EDG GPCRs couple productively to different types of G-protein 
a subunits, бу subunits and Rho (Figure 2). 

A second group of EDG receptors (EDG2, EDG4 and EDG7) 
have high affinity for LPA (35 % identity with ЕРСІ, 3, 5 and 
8). EDG2 (or Vzg-1) was the first EDG family member to have 
its ligand identified. EDG2 overexpression іп a neuronal-like cell 
(TSM) exaggerated LPA-stimulated cytoskeletal changes (Rho- 
mediated) and inhibition of adenylate cyclase (G,-mediated) [84] 
A sequence-based search subsequently identified EDG4 [85]. 
EDG2- and EDG4-transfected HTC4 hepatoma cells (which 
have a LPA-null background) exhibit LPA-stimulated calcium 
transients [86], and EDG2 expression in yeast confers LPA 
responsiveness [87]. EDG7-transfected Sf9 cells exhibit LPA- 
stimulated calcium mobilization and increased cAMP levels [88]. 
These effects are similar to those elicited by stimulation of S1P- 
specific EDG receptors, and suggest that the two lysolipids may 
signal via common pathways. 


Extracellular GPCR-madlated actions of S1P 


Many signalling pathways are activated in response to stimu- 
lation of cells by SIP. An S1P-dependent decrease in forskolin- 
and cholera toxin-stimulated intracellular cAMP levels has 
been observed in several cell types (see Figure 2). This has been 
correlated with EDG1 expression [67—69,75,89]. The effect is 
blocked by pertussis toxin pretreatment and is probably mediated 
by a typical G,/adenylate cyclase interaction. More recently, 51Р 
has been shown to inhibit forskolin-stimulated cAMP formation 
in EDG3-transfected CHO cells [90] and EDG8-transfected 
Rh7777 hepatoma cells [63] via a pertussis toxin-sensitive mech- 
anism. In contrast, there are a number of cell types in which 
stimulation by SIP produces an increase in intracellular cAMP 
[67,91,92]. For example, S1P-stimulated cAMP formation is 
pertussis toxin-insensitive in EDG3- and EDG5-transfected CHO 
cells [67,92]. Since EDG receptors appear not to couple to G,, it 
is probable that increased cAMP synthesis is mediated by cross- 
talk via the G,/PLC signalling pathways. In this case the 
activation of calcium/calmodulin-sensitive or PKC-stimulated 
adenylate cyclase isoforms might be involved. 

There are a number of studies in which SIP has been shown 
to activate PLC-catalysed inositol phosphate formation 
[67,68,91—93]. The EDG1-mediated response was blocked by 
pertussis toxin [68], whereas that mediated by EDGS was only 
reduced by 30% [92]. For EDGI, this effect may be mediated by 
Gfy, subunit regulation of PLC. More recently, EDG1-, EDG3- 
and EDG5-transfected CHO cells have been compared [67]. 
S1P-stimulated inositol phosphate production was observed in 
EDG3- and EDG5-transfected cells, which in both cases was 
- moderately inhibited but not abolished by pertussis toxin. In 
contrast, SIP binding to ЕРСІ did not produce a response [67]. 
EDG6-transfected cells also exhibit a S1P-stumulated PLC ac- 
tivity that is blocked by pertussis toxin [62]. Consistent with the 
production of diacylglycerol and 108(1,4,5)Р,-ѕепѕіцуе Ca** 
mobilization, conventional isoforms of PKC (a and д) translocate 
to the membrane ın response to 51Р, as does the atypical PK Ce 
[93]. Regulation of other glycerophospholipid signalling path- 
ways by SIP also appears to be mediated by both G,-independent 
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and G,-dependent routes. $1P-dependent activation of PLD was 
reported to be independent of EDGI expression [75] and 
insensitive to pertussis toxin [75,93]. 

Stimulation of Ca?* mobilization by S1P (EC,, 1 nM) has also 
been correlated with EDGI expression [68]. High concentrations 
of SIP (10 LM) were required for Ca?* mobilization in EDGI- 
transfected HEK 293 cells [75] and in the rat mast cell line RBL- 
2H3 [46]. EDG3- and EDG5-transfected cells also exhibit per- 
tussis toxin-sensitive S1P-stimulated Ca** mobilization (reported 
ЕС, values of + 2 nM and 20 nM respectively [67], and of д 
3nM (EDGS) [92]. However, others have shown the Са?+ 
response in EDG3- and EDG5-transfected cells to be largely 
pertussis toxin-insensitive [90]. In oocytes microinjected with 
EDG3 and EDG5 mRNA, SIP stimulated Ca?* mobilization via 
a G,-dependent mechanism, although both receptors were also 
shown to couple to G, [78]. SIP mobilizes intracellular Ca** in 
EDG6-transfected CHO cells in a pertussis toxin-sensitive 
manner [62], whereas SIP stimulation of EDG8-transfected 
Rh7777 cells failed to mobilize intracellular Ca?* [63]. Therefore 
EDG-receptor-dependent Ca!* mobilization appears to be 
differentially regulated by G,- and G,-linked pathways. 

The SIP-stimulated activation of ERKI/ERK2 has been 
widely observed Using cultured airway smooth muscle cells, 
which express EDG1 but not EDG3, we were one of the first to 
show that activation of ERK by 81Р 18 pertussis toxin-sensitive 
[94,95], clearly implicating the involvement of a GPCR acting via 
G, (airway smooth muscle cells do not express G,). Several others 
have shown that the SIP-stimulated activation of ERK is 
pertussis toxin-sensitive in EDGI-transfected cells [66,68,69]. 
Studies on GPCR signalling to ERK have identified the in- 
volvement of Gfy, dimers [96,97], which regulate non-receptor 
tyrosine kinase-catalysed phosphorylation of Shc and the 
sequential recruitment of Grb-2 and mSos. In airway smooth 
muscle cells, SIP activates c-Src tyrosine kinase via a pertussis 
toxin-sensitive mechanism. Furthermore, c-Src inhibitors ab- 
rogated the SIP-dependent activation of ERK [89]. Thus SIP 
signalling via EDG1 may involve the generation of free Gfy, 
subunits, which may stimulate c-Src to initiate activation of the 
ERK cascade. 

Gfy, subunits have also been shown to regulate PI3K, which 
has been identified as playing a critical role in Imking GPCRs to 
the stimulation of ERK [98,99]. We have shown that the S1P- 
dependent activation of ERK via EDG1 was inhibited by two 
structurally dissimilar PI3K inhibitors (LY294002 and wort- 
mannin) Moreover, PI3K activity was present in 1mmuno- 
precipitates of Grb-2 (an intermediate in the ERK pathway) 
prepared from S1P-stimulated cells, an effect which was pertussis 
toxin-sensitive. These findings support a model whereby the 
EDGI receptor is coupled via G, to Grb-2/PI3K complex- 
formation [89]. This is similar to observations made 1n Rat-1 and 
Cos-7 cells with LPA, which also acts via PI3K [100]. Kranenberg 
et al. [100] also showed that LPA stimulated the tyrosine 
phosphorylation of dynamin II, which binds to the C-terminal 
SH3 domain of Grb-2 in ап agonist- and G,-dependent manner. 
PI3K inhibitors prevented LPA-stimulated dynamin П tyrosine 
phosphorylation and ERK activation. The latter suggests that 
PI3K regulates an unidentified novel tyrosine kinase which 
phosphorylates dynamin П. These studies, together with those 
on SIP, suggest that LPA and S1P might utilize similar signalling 
pathways to regulate ERK. 

The interaction between Grb-2 and PI3K is entirely consistent 
with studies demonstrating that insulin and insulin-like growth 
factor-I (IGF-I) receptors stimulate ERK via a PI3K-dependent 
pathway involving the tyrosine phosphorylation of Gabl (Grb- 
2-associated binder-1 protein), which has been shown to activate 
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p85/p110 PI3K 1a [101,102]. It remains to be determined whether 
SIP can induce stimulation of Gabl tyrosine phosphorylation (c- 
Src mediated) as a possible mechanism for Grb-2-associated 
PI3K activation. The stimulation of certain GPCRs (e.g. 2- 
adrenergic) induces binding of f-arrestin I and II to receptors 
and sequential phosphorylation of the Grb-2 adaptor protein, 
dynamin П (molecular mass 100 kDa), which mediates clathrin- 
dependent GPCR internalization by endocytosis [103]. Recent 
studies have shown that f-arrestin I/II- and dynamin II-mediated 
internalization of MEK-1 [mitogen-activated protein kinase 
(MAPK)/ERK kinase] is a mandatory stimulatory signal 
required for the GPCR-dependent activation of ERK. Thus 
inhibitors of clathrin-mediated endocytosis or the expression of 
dominant-negative mutants of f-arrestin I/II or dynamin П 
abrogate GPCR-stimulated activation of this kinase [104,105]. 
Significantly, using HEK 293 cells, Lee et al. [66] showed that 
expression of EDGI fused with a C-terminal green fluorescent 
protein was localized primarily on the plasma membrane, but 
that this construct was internalized upon stimulation with 
100 nM SIP for 2 h. 

In general terms, the activation of the ERK pathway by SIP 
shows differential sensitivity to pertussis toxin [106,107]. In C6 
celis, the pertussis toxin-insensitive component was abolished by 
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inhibition of PKC, and was attributed to EDGS linked to 
G,/PLC. In contrast, SIP-induced ERK activation occurs en- 
tirely through a G,,-dependent pathway in EDG5-transfected 
CHO cells [92] and in HTC4 cells transfected with either EDG3 
or EDGS [108]. Interestingly, 1n the HTC4 cells, the con- 
centration-dependence for SIP activation of ERK differs for 
EDG3 and EDGS5, being maximal at 10nM and 100 nM 
respectively [108], suggesting that the efficiency of coupling to G, 
differs. 

SIP can activate a number of non-receptor tyrosine kinases іп 
order to transmit signals to well defined effector systems. For 
example, 51Р activates Pyk2, which has been identified as a Ca**- 
and PK C-regulated effector of GPCRs, resulting in the activation 
of ERKs [106,109]. However, in rat aortic smooth muscle cells, 
S1P-activated Pyk2 and ERK were not linked, since Pyk2 
activation was pertussis toxin-sensitive, while that of ERK was 
not [106]. Other non-receptor tyrosine kinases which are activated 
by 81Р include Syk [110], Crk [111] and p125*^* (where FAK is 
focal adhesion kinase) [75,112]. Syk requires PKC and transmits 
signals to Ras, PI3K and PLCy. Crk activation correlates with 
increased mitogenesis, while p1257?^* phosphorylation is 
associated with cytoskeletal changes and formation of focal 
adhesions. S1P-stimulated p125*^* phosphorylation is EDGI- 
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Figure 3 Conserved phosphatase motif of 1р phosphate phosphatases and 81P phosphatase 


Amino acid sequence alignment of mammalian LPP isoforms (LPP1, LPPia, LPP2 and LPP3) and Saccharomyces cerevisiae LBP1/LBP2 (S1P phosphatases). Fully conserved residues are indicated 
in red in the consensus sequence X, any amino acid, h, hydrophobic amino acid, n, neutral amino acid (Ala, Cys, Gly, Ser) 


independent [75,112] and is not inhibited by suramin [75] (an 
EDG3 antagonist [78]), thereby implicating EDGS5 (or EDG6) as 
the probable GPCR involved. Furthermore, $1P-stimulated 
р125"^& phosphorylation was inhibited by СЗ exoenzyme, 
suggesting the involvement of Rho [75,112]. 

The regulation of PLD by Rho family members, such as Rho, 
Rac and Cdc42, is well established [113]. Therefore the SIP- 
dependent activation of PLD might be mediated by these low- 
molecular-mass G-proteins, Other effector systems which involve 
Rac and Cdc42 and which are activated by SIP include the 
stress-activated protein kinases c-Jun N-terminal kinase (INK) 
and p38 MAPK, as demonstrated in EDG5-transfected CHO 
cells [92]. Both p38 MAPK. and JNK have been implicated 1n the 
regulation of apoptosis. 

Gene transcription is also activated in response to stimulation 
by SIP. For example, SiP stimulates the induction of the AP1 
transcription factors c-Jun and c-Fos [114]. This has recently 
been shown to be mediated by both EDG3 and BDG5 [108]. 
The induction of other immediate-early genes is mediated by the 
promoter SRE in a Rho-dependent manner. SRE is activated co- 
operatively by the transcription factors serum response factor 
(SRF) and Elk-1 [115,116]. Both of these transcription 
factors can be activated by SIP via EDG3 or EDGS [108]. 

Bunemann et al. [117] have shown activation of the muscarinic 
K* current by S1P in isolated cultured guinea-pig atrial myocytes. 
Desensitization of the muscarinic receptor did not affect the 
response to SIP, which was blocked by pertussis toxin. These 
results were interpreted as reflecting SIP binding to a GPCR that 
could activate à K* channel normally linked to other GPCRs, 
such as muscarinic receptors. Others have shown that SIP 
increases the minimum stimulus current needed to induce an 
action potential in isolated myocytes. SIP reversibly inhibited 
the peak Na* current by 50 pA, while the inward rectifier K* 
current was unaffected [118]. 


91Р signal termination at EDG receptors 


The termination of EDG receptor signal transduction has not 
been established. We are focusing on a mechanism that involves 
the dephosphorylation of SIP to sphingosine. This could be 
catalysed by SIP phosphatase (an integral membrane protein 
with seven predicted transmembrane domains) [35] and/or a 
lipid phosphate phosphatase [LPP1, or type 2 PA phosphatase 
(PAP2), an integral membrane protein with six transmembrane 
domains] [32]. SIP phosphatase and members of the LPP 


family, including LPPi, contain a novel phosphatase motif 
[KXXXXXXRP(X,, ,,JPSGH(X,, ,)JSRXXXXXHXXXD] 
which is found in a superfamily of phosphatases [119] (Figure 3). 
Recently, site-directed mutagenesis has been used to establish 
that the conserved residues Lys, Arg, Pro, Ser, Gly, His, Arg and 
His are obligatory for the catalytic activity of LPPI [120]. 
Significantly, the LPP1 isoform is located at the plasma mem- 
brane, with an externally oriented catalytic site [121]. Thus LPP1 
may decrease extracellular SIP levels to limit rts bioavailability at 
EDG receptors (Figure 4). This might require a co-ordinated 
mechanism that enables SIP to induce ‘downstream’ signall- 
ing responses before LPP1 is activated to reduce the extra- 
cellular concentration of S1P. This could involve an intracellular 
phosphorylation/dephosphorylation mechanism. In this regard 
LPP1 has putative cytoplasmic-facing phosphorylation sites for 
ERK, casein kinase, PKC and protein kinase A [122]. Over- 
expression of LPP1 has been shown to block LPA-stimulated 
ERK activation and DNA synthesis in Rat-1 cells [121]. 


Evidence for an intracellular role for S1P 


A second messenger role for SIP was first proposed when a 
kinase-dependent sphingosine-stimulated release of Ca** from 
intracellular stores was observed [123,124]. In addition, mito- 
genesis of Swiss 3T3 cells in response to sphingosine was shown 
to be mimicked by S1P. The effect of sphingosine was believed to 
occur through its rapid conversion into S1P [125]. Furthermore, 
DNA synthesis in Swiss 3T3 cells was increased by microinjection 
of S1P [75]. Moreover, stimulation of cells with various mitogens 
elicits the production of SIP (see Table 2). However, many of the 
functions of SIP previously attributed to a second-messenger role 
may be due to its action at EDG receptors, especially since a 
large number of studies invoking intracellular actions involve the 
application of exogenous SIP to cells (see below; Figure 5). 
Evidence to support an intracellular role for 51Р has been 
based mainly on the stumulation of SPHK by agonists, the use of 
SPHK. inhibitors and, more recently, transfection of SPHK. 
Exogenous-S1P-stimulated activation of the ERK 1/2 pathway 
in Swiss 313 cells was observed to be partially (70-80 95) inhibited 
by pertussis toxin [95]. Thus ıt was proposed that SIP acts both 
extracellularly (pertussis toxin-sensitive) and intracellularly (per- 
tussis toxin-insensitive) to regulate the ERK1/2 pathway [126]. 
In hindsight, one cannot exclude a role for G,-linked activation 
of ERK, which would be pertussis toxin-insensitive. In contrast 
with Swiss 3T3 cells, SIP-stimulated ЕЕК 1/2 activity in ASM 
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cells was completely abrogated by pertussis toxin [94]. In this 
case, an entirely extracellular action of SIP was corroborated by 
studies which showed that the addition of sphingosine to cells 
and its intracellular conversion into SIP failed to support 
ERK 1/2 activation ın Сб glioma cells [107]. Thus intracellular 
increases ш SIP do not support activation of this kinase ın this 
case. 

More recently, Van Brocklyn and colleagues [75] examined the 
effects of exogenous $1P in HEK 293 cells transfected with 
EDG1. S1P-stimulated calcium mobilization, p125*^* phos- 
phorylation and activation of PLD were shown to be inde- 
pendent of EDGI expression. Furthermore, mitogenesis and 
the prevention of apoptosis were correlated with SIP uptake into 
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cells, but not with EDGI expression. These observations were 
interpreted as evidence for an intracellular role for S1P. However, 
one cannot exclude the possibility that additional types of SIP 
receptor are expressed which were not detected in ligand binding 
assays. In this regard, An et al. [108] have correlated the 
expression of EDG3 and EDG5 in HTC4 hepatoma cells with 
S]P-induced proliferation and survival. A receptor-dependent 
action of SIP was supported by reporter gene assays in EDG3- 
and EDG5-transfected Jurkat cells. These effects were inhibited 
by abrogation of G,,- and Rho-dependent pathways [108]. 
Therefore partial pertussis toxin sensitivity can no longer be 
presumed to reflect a receptor-independent, intracellular site of 
action of SIP. However, the intracellular action 1s supported by 
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experiments which showed that dihydroS1P (sphinganine 1- 
phosphate) competes with SIP for binding to EDGI [75], EDG3 
and EDGS [74], but lacks a cytoprotective effect. 

Using Swiss 3T3 fibroblasts, Ram et al. [50] proposed that SIP 
formed in response to PDGF can function as a second messenger. 
This was based upon experiments which showed that the SPHK 
inhibitor D,L-threo-dihydrosphingosine abrogated PDGF- 
stimulated SIP formation and ERK1/2, Crk, р34°% and Cdk2 
kinase activation. We obtained identical results for inhibition of 
PDGF-stimulated ERK1/2 activity with D,L-threo-dihydro- 
sphingosine in cultured ASM cells [127,128]. However, D,L-threo- 
dihydrosphingosine is also a PKC inhibitor [129], and this might 
represent an alternative route through which ERK 1/2 activation 
is abrogated, especially as PKC 1s an intermediate in the ERK 1/2 
cascade activated by PDGF [130,131]. This was further supported 
by studies which showed that other sphingoid bases, such as 
N,N-dimethylsphingosine and D,L-erythro-sphingosine (the sub- 
strate of SPHK), which also inhibit PKC [129], blocked ERK 1/2 
activation with identical concentration-dependence [130]. Thus 
inhibition by dihydrosphingosine or N,N-dimethylsphingosine 
should not be presumed to be at the level of SPHK alone. In 
contrast, Edsall et al. [132] reported that, in PC12 cells, 10 uM 
N,N-dimethylsphingosine had no effect on PMA- and NGF- 
stimulated PKC activity or on PMA-induced РКСо and РКС? 
translocation to membranes, despite competitively inhibiting 
SPHK. However, PKC was assayed using a commercial PKC kit 
which is not optimized for individual PKC isoforms. Further- 
more, the PKC isoforms translocated in response to NGF and 
the effects of N,N-dimethylsphingosine were not established. 

N,N-Dimethylsphingosine has also been used to implicate S1P 
as an intracellular signal involved 1n the inhibition of apoptosis 
and the promotion of cell survival. For example, Cuvillier et al. 
[133] showed that activation of JNK and apoptosis of 
promyelocytic HL60 and U937 monoblastic leukaemia cells 
induced by TNFa, sphingomyelinase, cell-permeable ceramide 
or PKC inhibitors was prevented by the addition of exogenous 
SIP. Similarly, the cell survival effect of 1a,25-dihydroxyvitamin 
D, in HL60 cells is via a mechanism involving activation of 
SPHK and SIP formation, whereas cytoprotection against 
ceramide-induced cell death was blocked by N,N-dimethyl- 
sphingosine [55] Additionally, SIP inhibits various caspase 
activities and protects against ceramide- and Fas-induced apop- 
tosis [23,133]. However, the sensitivity of these effects to pertussis 
toxin and C3 exoenzyme and, therefore, the involvement of EDG 
receptors was not investigated. 

Inhibition of SPHK by dihydrosphingosine (K, 5-18 4M) has 
also been used to support a second-messenger role for S1P in 
antigen clustering of FceRI and subsequent intracellular calcium 
mobilization in a rat mast cell line (RBL-2H3) [46]. In oligo- 
dendroglial cells, PDGF-BB stimulates SPHK and induces oscil- 
latory and non-oscillatory calcium signals. The oscillatory signal 
is due to the action of sphingosine, while the non-oscillatory 
component is mediated by SIP. Thus dihydrosphingosme was 
shown to increase the percentage of cells producing Са?+ spikes 
in response to PDGF-BB. This effect was correlated with a 
decrease in PDGF-stimulated $1P formation and elevated levels 
of sphingosine [134,135]. Similarly, stimulation of muscarinic M, 
and M, receptors expressed in HEK 293 cells also induced 
calcium signals that were blocked by dihydrosphingosine and 
N,N-dimethylsphingosine [45]. A general role for SIP in Ca** 
mobilization has been suggested for some, but not all, GPCRs 
[45]. Furthermore, microinjection of 51Р induced rapid, transient 
Ca** mobilization which was not antagonized by heparin, thereby 
excluding a role for inositol tnsphosphate and its receptor [45]. 
Similarly, heparin did not block the $1P-induced mobilization of 


Са?+ in a microsomal preparation [124]. However, intracellular 
release of caged dihydrosphingosine has also been shown to 
mobilize Ca** from ryanodine-sensitive intracellular stores in 
cultured neurons [136]. Moreover, SPC also releases microsomal 
Ca** [124,137], thereby questioning the specificity of the 51Р 
effect. In addition, others have failed to detect SIP-induced 
mobilization of intracellular calctum [138,139]. 

Sphingosine-stimulated increases in intracellular Ca** appear 
to be mediated by PA. This may involve PA species derived from 
a PLC/diacylglycerol kinase pathway. Thus the diacylglycerol 
kinase inhibitor R59002 decreased both PA formation and Ca** 
mobilization [139]. SIP does not appear to activate this pathway, 
but instead can stimulate the formation of distinct PÀ species via 
a PLD route. Thus the effect of sphingosine on calcium 
mobilization is not due to its conversion into SIP. Other effects 
of sphingosine include a PK C-dependent action on Ca** dy- 
namics [140] and blockade of ryanodine receptors [141]. Ad- 
ditionally, SPC releases Ca** from isolated sarcoplasmic 
reticulum in a ryanodine-receptor-dependent manner [142] and 
activates GPCR-mediated Ca** mobilization [143,144]. The ad- 
vent of caged sphingolipids, including caged SIP [145,146], 
should progress this area of research, which remains contro- 
versial. 

Cloning of SPHK [18] has led to an alternative approach to 
investigate the intracellular role of SIP. A 500-fold over- 
expression of SPHK in NIH 3T3 cells and НЕК 293 cells resulted 
in a 4-8-fold increase in 51Р levels, and promoted growth in low- 
serum medium, the G1/S transition, DNA synthesis and 
increased cell number. Overexpression of SPHK also protected 
against apoptosis induced by serum deprivation or ceramide in 
NIH 313 and HEK 293 cells, and reduced that in Jurkat T cells 
stimulated with anti-Fas. The protective effects of SPHK were 
blocked by N,N-dimethylsphingosine [25]. An autocrine role for 
SIP was not apparent, since SIP was not detected in the 
extracellular medium. Furthermore, the protective effect of SIP 
was not blocked by pertussis toxin, thereby eliminating a role for 
EDG1. However, signalling via pertussis toxin-insensitive path- 
ways involving EDG3 and EDG5 receptors remains a possibility. 
Indeed, S1P-induced proliferation and survival have recently 
been demonstrated in EDG3- and EDGS-transfected HTC4 
hepatoma cells [108]. Additionally, other effects of SPHK over- 
expression may play a role, e.g. a concomitant decrease in 
cellular ceramide levels. 


THE CERAMIDE/81P RHEOSTAT 


The balance between cellular concentrations of ceramide and 
51Р has been proposed to determine the physiological fate of the 
cell. Generally, SIP and ceramide elicit opposing cellular fates, 
e.g. proliferation and survival versus growth arrest and apoptosis. 
However, 1t should be noted that there 1s considerable controversy 
as to whether ceramide is a physiological mediator of apoptosis 
[147,148], as most studies have either correlated increased intra- 
cellular ceramide with apoptosis or have used exogenous 
short-chain ceramides (which may have non-specific membrane- 
perturbing effects). The rheostat model is, therefore, currently 
based on the assumption that ceramide does indeed induce 
apoptosis. This is believed to be due to the differential regulation 
by ceramide and 81Р of members of the ERK and stress- 
activated protein kinase families and caspase proteases 
[23,44,149]. Importantly, the rheostat model for controlling the 
ceramide/S1P balance and cell fate does not rely upon whether 
SIP acts intracellularly or as an EDG receptor agonist 


(Figure 6). 
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Cell-permeant ceramides strongly activate JNK in cultured 
airway smooth muscle cells, but are weak or ineffective with 
regard to activation of ERKI/2 [44]. Sphingosine inhibits 
ERK1/2 activation by PDGF, SIP and bradykinin, and is anti- 
proliferative in airway smooth muscle cells [128]. In contrast, 
exogenously applied S1P activates the ERK1/2 cascade and is 
co-mitogenic. Furthermore, ceramide/sphingosine and S1P elicit 
opposing effects on cAMP levels which might also contribute to 
their differential outcomes on DNA synthesis [94]. Similar 
observations have been made ın glomerular mesangial cells [149], 
where cell-permeable ceramides activate JNK and inhibit PDGF- 
stimulated DNA synthesis. However, sphingosine stimulates 
ERK 1/2 and proliferation. Thus the effect of sphingosine varies 
between cell types. This may depend on the metabolism of 
sphingosine, e.g. to SIP in glomerular mesangial cells. 

A Rey piece of evidence to support the rheostat hypothesis 1s 
that ceramide-mediated programmed cell death is suppressed by 
the addition of S1P [23]. Thus ceramide-induced JNK activation 
and apoptosis were prevented by the addition of SIP. Fur- 
thermore, the PKC-mediated activation of SPHK and the 
concomitant increase in SIP levels were shown to have a similar 
inhibitory effect on ceramide-mediated apoptosis. Subsequently, 
Fas ligation or C,-ceramide-mediated caspase-3/CPP32 and 
caspase-7 /Mch3 activation and resulting poly(ADP-ribose) poly- 
merase cleavage were shown to be blocked by PKC activation 
and attenuated by the addition of exogenous SIP (0.5-5 uM) 
[133]. Similarly, either SIP or PKC activation inhibited C,- 
ceramide-mediated caspase-6/Mch2 activation and subsequent 
lamin B cleavage. However, neither SIP nor PKC stimulation 
were effective at blocking Fas-induced caspase-8/FLICE (Fas- 
associated death domain-like interleukin-1/ converting enzyme) 
activation. Thus S1P/PKC activation probably acts downstream 
of caspase-8/FLICE activation and ceramide formation, and 
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upstream of caspases-3 (CPP32), -6 (Mch2) and -7 (Mch3) [133]. 
Similarly, 81Р promotes survival of neuronal cells [150]. 

Further support for the rheostat model comes from studies 
showing that growth factors and cytokines tend to differentially 
regulate sphingomyelinase/ceramidase and SPHK activities and, 
consequently, ceramide and 51Р levels. For example, alkaline 
membrane-associated ceramidase is up-regulated (within 1 h) by 
growth factors, including PDGF, fibroblast growth factor, IGF 
and EGF, in a tyrosine kinase-dependent manner, with a 
concomitant increase in sphingomyelinase activity. In contrast, 
cytokines such as TNFa and interleukin-l activated sphingo- 
myelinase but not ceramidase activity, thereby resulting 1n the 
accumulation of ceramide within cells. Inhibition of ceramidase 
activity by N-oleoylethanolamine reduced PDGF-stimulated 
DNA. synthesis, but was without effect upon the proliferative 
response to endothelin, which failed to modulate ceramidase and 
sphingomyelinase activities [151]. 

Furthermore, manipulation of intracellular S1P levels can also 
affect the levels of ceramide and sphingosine. For example, NIH 
3T3 cells transfected with SPHK 1а exhibit a substantial decrease 
in their ceramide content [18]. This correlates with increased 
survival upon serum depletion, which usually induces apoptosis 
[25]. Therefore the concomitant removal of ceramide upon 
SPHK overexpression may prevent ceramide-induced apoptosis. 
Additionally, the subsequently formed SIP may promote cell 
survival by inducing mitogenic signalling pathways that counter- 
act the effects of ceramide. 


CELL PROLIFERATION, DIFFERENTIATION, MIGRATION AND 
APOPTOSIS 


SIP appears to be both a full mitogen and a co-mitogen in 
different cell systems. For instance, in Swiss 3T3 cells it elicits a 
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marked increase in DNA synthesis [95], whereas in airway 
smooth muscle cells S1P is co-mitogenic with PDGF and non- 
mitogenic alone [89,94]. In Swiss 3T3 cells, SIP-stimulated PLD- 
derived PA. [152] and Ca** mobilization [125] were proposed to 
be key events in the regulation of DNA synthesis. In contrast, PA 
failed to mimic the effects of SIP in thyroid FRTLS cells, thereby 
excluding a role for PLD. In that study, SIP activated the 
Na*/H* exchanger, which promotes a subsequent increase in 
intracellular calcium, an important commitment step in the 
stimulation of DNA synthesis [153]. 

The mitogenic efficacy of growth factors has been correlated 
with the magnitude and kinetics of ERK activation [154]. 
Sustained ERK activation 1s thought to govern the amount of 
kinase translocating to the nucleus, the extent of subsequent 
transcription factor activation and, therefore, the magnitude of 
DNA synthesis. We have demonstrated that a greater activation 
of ERK occurs over 30 min in airway smooth muscle cells when 
SIP and PDGF are applied together than 1s observed with either 
agonist alone [89]. These results suggest that the amount of DNA 
synthesis might be governed by various 'threshold' levels of 
ERK activation throughout the 30 min stimulation. The extent 
to which these levels are exceeded at each time point might 
explain why combined stimulation with PDGF/S1P produced 
more DNA synthesis than stimulation with PDGF alone. S1P 
alone produces much weaker ERK activation via EDGI, which 
is probably below the ‘threshold’ levels and 1s therefore non- 
mitogenic. 

Another possible mechanism to explain the co-mitogenic action 
of SIP 1s its synergism with choline phosphate. This was observed 
in NIH 3T3 fibroblasts, where a combination of the two lipids 
elicited a synergistic increase in DNA synthesis [155]. This was 
reported to involve amplification at the level of р70%Е and to а 
lesser extent PI3K, based on the use of rapamycin (inhibitor of 
p70***) and wortmannin (PI3K inhibitor) and dominant-negative 
p85 PIBK, which block synergism. Choline phosphate and SIP 
also elicited synergistic stimulation of DNA synthesis in Swiss 
3T3 fibroblasts, an effect mediated by amplification of ERK 
activation. In these experiments, high concentrations of ethanol- 
amine also potentiated the synergism on DNA synthesis, via 
an unidentified mechanism [156]. In contrast, low concentrations 
of ethanolamine actually inhibited choline phosphate/S1P- 
induced DNA synthesis [157]. Therefore the action of PLD on 
phosphatidylethanolamine might result in a bimodal regulation 
of SIP stimulation of DNA synthesis. In this case, the specificity 
of action may be dependent upon the extent of PLD activation. 
S1P can also mobilize intracellular calcium and promote activ- 
ation of the transcription factor nuclear factor xB, which was 
blocked by BAPTA/AM [158]. Therefore this action of 51Р may 
involve calcium-dependent phosphatases and redox potential 
changes in the cell, which could affect mitogenesis. 

S1P can both stimulate and inhibit chemotactic responses in 
different cell types. For instance, high concentrations (micro- 
molar) of S1P inhibited, whereas low concentrations (10-100 nM) 
stimulated, the migration of EDGI-transfected HEK 293 cells 
[159]. SIP also stimulated the migration of endothelial cells [159] 
and CHO cells overexpressing EDG1 or EDG3 [67]. In contrast, 
EDG3-transfected CHO cells were unaffected [67]. SIP also 
inhibited PDGF-stimulated chemotaxis of aortic smooth muscle 
cells, via a calcium- and cAMP-dependent mechanism [91]. 
Furthermore, S1P stimulation of p125*^5 may be involved in the 
inhibition of breast cancer cell motility [160]. Indeed, SIP inhibits 
integrin-dependent cell motility, by affecting actin filament re- 
organization. In contrast, formyl-Met-Leu-Phe stimulates SPHK 
in HL60 cells, and may play a role in promoting chemotaxis of 
these cells [48]. 


S1P is also implicated 1n differentiation processes. For instance, 
NGF-nduced neural differentiation correlates with increased 
SPHK activity [54]. Both were blocked by the inhibitor K252a. 
In endothelial cells, TNFa-stimulated ERK, nuclear factor «B 
activation and VCAM-1 (vascular cell-adhesion molecule-1)/ 
E-selectin expression were mediated by SPHK activation and 
SIP production. This was established using N,N-dimethyl- 
sphingosine, which blocked the effects of TNFa. Furthermore, 
SIP, but not ceramide or sphingosine, mimicked the effect of 
TNFa [161]. Expression of E-selectin and, to a lesser extent, 
VCAM were also increased by SIP in human aortic endothelial 
cells [162]. S1P may also affect differentiation processes indirectly 
by inducing the release of cytokines. For instance, in osteoblast- 
like MC3T3-E] cells, SIP appears to be involved 1n TNFa- 
induced interleukin-6 synthesis [163]. 

SIP can both promote and protect against apoptosis in 
mammalian cells. For instance, in human hepatoma cells, SIP 
up-regulates Bax expression, which is a pro-apoptotic protein 
belonging to the Bcl-2 family. This was shown to be independent 
of p53-mediated transcription and growth arrest [164]. In 
neuronal cells, neurite retraction is one of the first steps in the 
apoptotic process. SIP induced neurite retraction ш NIE-115 
cells via a GPCR- and Rho-dependent pathway that involves 
contraction of the actin cytoskeleton [165]. Others have confirmed 
that the action of SIP is confined to an extracellular receptor, by 
using S1P immobilized on glass beads that fail to penetrate the 
cells [166]. Recent studies have shown that S1P-induced neurite 
retraction involves EDG5 and, possibly, EDG3 [74]. In contrast, 
agonist stimulation of SPHK protects against apoptosis, as 
observed in TNFa-stimulated endothelial cells [49] and vitamin 
D,-stimulated НІ 60 cells [55]. In osteoblastic cells, prostaglandin 
E, stimulates cAMP formation and inhibits apoptosis. This 
appears to be mediated by a cAMP-dependent modulation of 
SPHK and SIP production [57]. Furthermore, protection of T 
lymphocytes from apoptosis by SIP was associated with sup- 
pression of Bax expression via an EDGS- and EDG3-dependent 
mechanism [167]. 


81Р AND DISEASE 


SIP may have an important role in a number of disease states. A 
particular focus is to determine whether EDG receptor levels and 
signalling via heterotrimeric G-proteins and Rho are altered in 
disease. A recent study by Goetz] et al. [168] identified EDG4 as 
a marker for ovarian cancer cells. A similar situation may exist 
for SIP-specific EDG receptors in other cancers. 51Р has also 
been implicated in breast cancer. For example, SIP induces the 
secretion of type H IGF ПСЕ-П), which increases proliferation 
[169]. In contrast, SIP inhibits chemo-invasiveness of an 
oestrogen-independent breast cancer cell line, MDA-MB-231, 
through a p125*4*-dependent pathway [160]. 

The role of 51Р in angiogenesis (the formation of new blood 
vessels) is another key area. This involves endothelial-cell 
differentiation and increased motility/mitogenesis of smooth 
muscle cells, which may be influenced by lipoproteins, such as 
oxidized LDL [56]. Several reports of the angiogenic role of 51Р 
have been published [159,170,171]. Leucocyte migration is also 
affected by SIP, which may play a role in inflammation. For 
example, SIP inhibits neutrophil motility [172] and modulates 
adhesion molecule expression [162]. Additionally, the relative 
levels of sphingosine and SIP in mast cells may determine, in 
part, their allergic responsiveness [173]. Thus changes in the 
phenotypic expression of EDG receptors, SPHK, S1P lyase and 
LPPs may have a critical role in governing the intracellular/ 
extracellular concentration of SIP and its efficacy at EDG 
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receptors, and this may impact upon a number of disease 
processes. 

Essential studies are required to produce gene knockouts, to 
establish the effect of abolishing the expression of EDG receptors, 
SPHK and other metabolizing enzymes. Deficiency in enzymes 
involved in SIP production and action may be associated with 
defects in important cellular processes, such as neuronal different- 
iation and apoptosis. It will be interesting to see whether these 
knockout animals exhibit neurological disorders, such as 
Alzheimer’s disease and Parkinson’s disease, which are associated 
with de-regulated apoptosis. 

There are a number of potential approaches in the area of 
therapeutics. These include the development of se'ective EDG 
receptor antagonists, discrete inhibitors of enzymes involved in 
SIP metabolism and gene therapy. It may be possible to produce 
drugs or antisense oligonucleotides that can be delivered 
specifically to tumours to prevent growth and cell motility. 
Alternatively, ıt may be possible to overexpress enzymes which 
destroy SIP, such as LPP and SIP lyase, in order to prevent 
proliferation. 


FUTURE STUDIES 


The biology of S1P has advanced considerably over the past 3—5 
years. However, there are many questions still to be answered, 
promising further exciting and interesting developments in this 
area of lipid biology. 

There are likely to be novel EDG receptors expressed in cells 
that remain to be identified. Whether these all conform to 
classical GPCR signalling will be of interest. Certain ligands can 
bind to both GPCRs and receptor ion channels, e.g. the 5- 
hydroxytryptamine receptors 5-HT,, 5-HT,, 5-HT, and 5-HT, 
are GPCRs, while 5-HT, is a receptor ion channel, more closely 
related to the nicotinic acetylcholine receptor. It will also be of 
interest to determine whether there 1s an intracellular SIP 
receptor, analagous to that for inositol 1,4,5-trisphosphate. Once 
the entire complement of receptors has been established, the 
evolutionary processes that governed their biology can be defined. 
Identification of members of this family in lower organisms 
should provide details regarding their divergence and functional 
heterogeneity. Moreover, the structure/functional properties of 
identified EDG receptors need to be fully characterized. This will 
be achieved over the next few years and will involve site-directed 
mutagenesis studies to define the amino acids involved in binding 
51Р and the molecular basis for divergent signalling from a single 
receptor subtype via G,, G, and G,,/G,,. Hopefully, charac- 
terization of the functional groups in each receptor will allow 
rational drug design for the production of receptor antagonists. 


Receptor signalling mechanisms 


Although a large number of effector systems that are regulated by 
the binding of SIP to EDG receptors have been identified, the 
molecular organization of signalling events downstream of these 
receptors has not been fully defined. In this regard, a large 
amount of information can be borrowed from general paradigms 
of GPCR signalling, and future research will proceed down these 
lines. There are many questions to be answered. For instance, 
how do the different EDG receptors activate Rho-dependent 
signal transduction? Is this via the intermediacy of G,,/G,, and 
RhoGEF? Do EDG receptors communicate with JNK via a 
Rac/Cdc42-dependent mechanism? Do the G,-linked EDG 
receptors utilize ду subunits to regulate non-receptor tyrosine 
kinases, and how does this initiate activation of the ERK 
pathway? What is the role of PI3K in this pathway, and does this 
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involve endocytic signalling mediated by f-arrestins and dynamin 
II? Is there potential cross-talk with other growth factor 
receptors, such as the PDGF receptor? In certain cases, growth 
factor receptors (e.g. those for insulin, IGF-I and PDGF) appear 
to utilize G, to signal downstream to ERK [101,131]. It would be 
very interesting to know whether G, activated by EDG receptors 
can be used by growth factor receptor tyrosine kinases. This may 
allow the PDGF receptor, for example, to signal more efficiently, 
and could provide the basis for co-mitogenicity. Certain GPCR 
agonists have also been shown to transactivate growth factor 
receptors, by stimulating their tyrosine phosphorylation. These 
tyrosine-phosphorylated receptors can then scaffold with sig- 
naling proteins. The best example of this is LPA, which 
stimulates tyrosine phosphorylation and transactivation of the 
EGF receptor [174]. It remains to be determined whether SIP 
stimulates tyrosine phosphorylation and transactivation of 
growth factor receptors. 

Another important question is: what are the factors that 
enable SIP binding to EDGS receptors to elicit opposite cellular 
outcomes, e.g. proliferation versus apoptosis? This may be 
dependent upon specific localization of EDG5 with the ap- 
propriate signalling machinery. Certain, but not all, JNK 
isoforms have been purported to be upstream of caspases, which 
play a key role in cell death. Therefore the specificity of signalling 
from EDGS might be achieved by co-expression of the relevant 
JNK isoform in these cells. It is also important to determine 
whether the EDGS receptor has functional determinants, distinct 
from those of other EDG receptors, that allow selective activation 
of JNK. and cell death. 

Finally, Rho-dependent kinase activation plays a key role in 
calcium sensitization of smooth muscle contractility. It remains 
to be determined whether 51Р binding to EDG receptors can 
elicit contraction of smooth muscle via this Rho-dependent 
mechanism. This is important because $1P is released by platelets 
at atherosclerotic plaques, and this might contribute to increased 
vasoconstriction leading to hypertension in patients with athero- 
sclerosis. 


Intracellular versus autocrine role of 51Р 


Perhaps the key question is whether 81Р can also function as an 
intracellular second messenger. This is still controversial, because 
of the uncertainty as to whether S1P is released from cells to act 
at EDG receptors. Although there are many studies which 
support a second messenger role, these are based upon the use of 
inhibitors of SPHK, which at best are only selective for this 
enzyme. In our opinion, the question of an intracellular role for 
SIP has to be redefined, especially as unequivocal proof would 
place 51Р in a rather unique position as a signalling molecule 
with both intracellular and extracellular actions. In this regard, 
it will be necessary to develop more sensitive assays to measure 
extracellular S1P (e.g. in the presence of LPP inhibitors), in order 
to establish whether certain growth factors and cytokines can 


stimulate its release. The molecular cloning of SPHK offers . 


another approach to addressing this question. Increased SIP 
levels have been correlated with enhanced cell growth and survival 
in cells transfected with SPHK. In cells with a null background 
for EDG receptors, this might be indicative of an intracellular 
action of SIP. PDGF stimulates SPHK and SIP formation. 
Therefore, if SIP is released, it can be predicted that PDGF- 
stimulated signalling might be modified by altered EDG receptor 
expression. These experiments would distinguish between intra- 
cellular and autocrine models. Further information on the role 
of SPHK in cells might also be obtained by using antisense 
deoxyoligonucleotides to ablate expression of the protein. 


4 


U& 


Further studies are required to clone and characterize mam- 
malian forms of SPHK and SIP lyase. These enzymes are likely 
to have a very significant role in regulating the kinetics of SIP 
formation. Both intra- and ecto-sphingosine |-phosphate lyase 
activities may be expressed in cells, and these might serve as 
markers for extracellularly and intracellularly acting SIP. A 
similar paradigm has already been established for the LPPs, 
which exist as a family of isoforms. Some of these enzymes have 
ecto-activity against SIP, LPA, PA and ceramide 1-phosphate. 
As explained above, these ecto-enzymes may limit SIP bio- 
availability at EDG receptors. The best approach here would be 
to evaluate the mechanisms regulating ecto-LPP and to establish 
a structure/function relationship. Such regulatory mechanisms 
could serve as a feedback route for lowering the extracellular 
concentration of SIP after the cellular response has occurred. 


CONCLUSION 


SIP is an important bioactive lysolipid that appears to have 
duality in its function, since it may act as both an extracellular 
and an intracellular mediator. It has profound biological activity, 
and aberrant regulation is implicated in certain disease states. 
Recent advances in this area have identified many potential 
targets for therapeutic intervention, such as EDG receptors and 
SIP-metabolizing enzymes. This suggests that further research 
may yield compounds that have clinical benefit. 


We acknowledge the support of the Wellcome Trust and tha BBSRC. SP is a 
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Cloning and mapping of human PK/B and PKIG, and comparison of tissue 
expression patterns of three members of the protein kinase inhibitor family, 


including PKIA 


Lihua ZHENG, Long ҮШ, Qlang TU, Min ZHANG, Hua HE, Wengjie CHEN, Jie GAO, Jiangiang YU, Qianhong WU 


and Shouyuan ZHAO 


State Key Laboratory of Genetic Engineering, Institute of Genetics, School of Life Science, Fudan University, Shanghal 200433, People's Republic of China 


Two novel members of the human cAMP-dependent protein 
kinase inhibitor (PKT) gene family, PKIB and PKIG, were 
cloned. The deduced proteins showed 70% and 90% identity 
with mouse РКТ and PKIy respectively. Both the already 
identified pseudosubstrate site and leucine-rich nuclear export 
signal motifs were defined from the 11 PKIs of different species. 
The PKIB and PKIG genes were mapped respectively to chromo- 
some 6q21-22.1, using a radiation hybrid GB4 panel, and to 
chromosome 20q13.12-13.13, using a Stanford G3 panel. 
Northern-blot analysis of three PKI isoforms, including the 
PKIA identified previously, revealed significant differences in 
their expression patterns. PKIB had two transcripts of 1.9 kb and 
1.4 kb. The former transcript was abundant in both placenta 
and brain and the latter was expressed most abundantly in 


placenta, highly 1n brain, heart, liver, pancreas, moderately in 
kidney, skeletal muscle and colon, and very little in the other 
eight tissues tested. PKIG was widely expressed as a 1.5-kb 
transcript with the highest level in heart, hardly detectable in 
thymus and peripheral blood leucocytes and was moderately 
expressed in the other tissues, with slightly different levels. 
However, PKIA was specifically expressed as two transcripts of 
3.3 kb and 1.5 kb in heart and skeletal muscle. The distinct 
expression patterns of the three PK Is suggest that their roles in 
various tissues are probably different. 


Key words: human PKIB and PKIG, protein kinase inhibitor 
motif, tissue-expression pattern. 





INTRODUCTION 


The protein kinase inhibitors (PKIs) are a class of proteins that 
can inhibit the activity of cAMP-dependent protein kinase 
(PKA), a complex composed of two regulatory subunits (R- 
subunits) and two catalytic subunits (C-subunits). The function 
of PKA mainly depends on its free C-subunits, which leave the 
inactive tetrametric complex in the cytoplasm in response to an 
increase in intracellular CAMP concentration [1]. The PKI binds 
the C-subunits of PKA in the nucleus and carries them into the 
cytoplasm to reform the inactive PKA complex with R-subunits. 
Studies on the molecular structure of human and/or mouse 
PKA, have shown that the R-subunit includes four isoforms 
(Ria, КІВ, Rile and КПД) and the C-subunit contains three 
isoforms (Ca, Cf and Cy) [2]. To date, three mouse Pki genes 
encoding three isoforms (PKIa, PKIf£ and PKIy) have been 
cloned [3—5]. Although all three PKI proteins can inhibit PKA 
activity, they may act by preferentially inhibiting different C- 
subunits [6]. However, only one human PKI gene (termed PKIA), 
which 1s homologous to mouse Pkia, has been cloned and its 
protein product inhibits the activity of PKA [1]. Thus it is 
speculated that other PKI members might also exist in humans. 
Before the inhibition of the various C-subunits by different PKIs 
in humans can be elucidated, the identification of additional 
human PKI genes is necessary. In the present study, the isolation 
of two novel human PKI genes (PKIB and PKIG) is described, 


and a comparison of the expression patterns of the genes in the 
PKI family, including PKIA, is made. 


EXPERIMENTAL 


The cDNA sequences of mouse Pkif (GenBank accession 
number L02241) and Pkry (GenBank accession number U97176) 
were used to search the Human EST (expressed sequence tag) 
division of GenBank. Homologous ESTs were obtained 
and assembled into two EST contigs using Assembly 
Machine (http://gceg.tigem.it/cgi-bin /uniestass.pl). Two pairs of 
primers, LZB, (5'-GCCAGGGACAGGAAAGATAGGAG-3) 
and LZB, (5’-CACATGCTGCTTAGGGCTGCAATG-3); 
LZG, (5-ACAGGCCTGAGGAGCGATGCAC-3) and LZG, 
(5’-GGAGCTCAGAGAAGAGGCTGCTG-3’)) were designed 
based on the contig sequences, and custom-made by ShengGong 
Inc. (Shanghai, China). The primers were used to amplify several 
human tissue cDNA Agtl1 libraries (Clontech, Palo Alto, CA, 
О.8.А.). PCR conditions with primers LZB, and LZB,, and 
primers LZG, and LZG, were as follows: 1 ul template (> 10° 
plaque-forming units/ml) was amplified in a final volume of 
50 ud containing 5 ul of 10 x PCR buffer, 1 ul of 20 mM dNTPs, 
1.5 ul of 2.5 mM МРСІ,, 2 units Tag polymerase (Promega) and 
1 ul of 25 mM of each specific primer. PCR reactions were run 
on a PTC-200 DNA Engine (MJ Research, Watertown, MA, 
U.S.A.) for 34 cycles (1 min at 93 °C, | min at 60 °С and 1 min 


Abbreviations used. EST, expressed sequence tag, PKA, cAMP-dependent protein kinase, PKI, protein kinase inhibitor, RH, radiation hybrid; 


UTR, untranslated region 
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Figure 1 
тоз (C) 


(A) and (B) Primers for PCR amplification (LZB, and L7B,, 176, and 1ZG,) are boxed, and for RH mapping (LZB-RH, and LZB-RH,, LZG-RH, and LZG-RH») are shown with grey shading 
Polyadenylahon signal sequences (ATTAAA) are underlined. In-frame stop codons (TAA) In the upstream of the start codon of PX/B are shown with a black background. (С) РКІЅ from different 
species were aligned using the CLUSTAL program. The pssudosubstrate site (motif 1) and leucine-rich nuclear export signal (motif If) are shown wrth a black background The GenBank accession 
numbers of tha PKI sequences are as follows PKIA Human, 576965, Mouse, M63554, Rat, L02615, Rabbit, M23079, Chicken, U19496; Pig, AF132737 PKIB Human, AF087873, Mouse, 
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GAGGCGGCGGAGGCTAGAGCCCGAGTOGCAGCTCCGGECCGCAGAGCT TGGCCCAGCCAGCCCAGGGCACCGGCAGGCAGGCAGCTGCGCGCGGCTGGAGTCATG 
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AGGAAGATGCAAAAGAGAAAGATGAAAAAACAACACAAGACCAATTGGAAAAGCCTCAAAA TGAAGAAAAA TGAAGGCTCATAATCTATCAAGAGTGCTGAATAT 
FEDALERDEKTTQOOQLER POW EEK + 7 
ЕТЕТ TANCATIGCAGCCC TAACCAGCATGTGTATATTAGATAATTG 
TGTTGTGATCCTACTCACTTTGATTGCAATGATGATGTCCAAGGTAAGCTATTAAAAGGCAGGTTACTICCAAATCGCACTGAAGGAAAAGGTTAAGAATAATAC 
ATGATCACAGAAATGCATACCACTGTCTGTAAACCCAACAAAATTCACTGTTCTCTTTTGGATTTATTTAGOCTGATGTATTTTTAATTCAATTTTTATGGTGAT 
GGGCAAATCATTCTTGGTAAATGTAAATCAAACATGATTGATTTAAAACTTCATGGAATTTGTAGAAAATTATGGACATTTTTGGTGAGAAAGAACAATAGTCAA 
AAP TGRGA THGATARAG iM UT ET QITTTTTGCCAAAAATGCCCCAGACTTTTTCCCAAACCTCAAAAACG TCTTGGAAAAATTGTAAAAGTTTGATAACAGAAA 
CATCTTTAGGATATTTTTGTCTGACGTATTTTGCTICTAGTATGTGCCTACTGTGATTTTTTTCA TGTGGAAAATGGAAAATTTGTAACAAAATGGTTATATGGA 
ACATGCCTATTAAACGAATTTTACTATCTTCCCTAAAAAAAAAAAAAAAAAAAA 1209 





B. 


AAAAGTCTGAGCCCATGTTCTTTAAAATGTTGATGGTGGTTGTCTGGGTGTGGAA TTA TGAGTGACTTGTTTTGTTCTTTGTACTTTTCTGTGCTTTTTGCTTTG 
TUTTCAATAAGAGGCAATAACTGTCATTTTGACAGAAGCCACTGTGCTGGGGAACTGGAGCTG TCCTCTCTGCAGAATGCATCTGGACTTACCTCTGCCCCCTTG 
CCTTAAGAAATTAAACACAGGOCTGAGGAGCGATGCAQTAGGCATGA TGGAGG TCGAGTCCTCCTACTCGGACTTCA TCTOCTUTGACCGGACAGGCCGTCGGAA 
YNEVESS YS DEFIS CDRTGRRN 
TGOGCTCCCTGACATCCAGGGAGACTCAGAGGCTGTCAGCGTGAGGAAGCTGGCTGGAGACATGGGOGAGCTGGCACTCGAGGUGGCAGAAGGACAGGTGCAGGG 
AVPDIQGDSEAVSVRELAGDAGELALECAECGQVELC 
AAGCGCCCCAGACAAGGAAGCTGGCAACCAGCCCCAGAGCAGCGA TGGGACCACCTOGTCTTGAATCTGACCTTGTECAADAAGGCTGGACGAGAGACCTTCTGT 
SAPDKEKEAGNQPQSSDGTTSS* 75 
CCCCTCCCAGAGGGGAAACCCTGGCACTGGCCCAGCAGCCTCTTCTCTGAGCTOCA TGTCCCAGATAAACCAGGCCAGACTGAGAAGGCTCCCCAGAGULCTCTG 
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AGCAGATATGGAGAGAGCTGACAATCAATTCACATTTTTTAAGCCATTTTAGCTARACTGTCATTGTGCATCTCTGAGGTTCOCTCATGGAGCTCCACAGATCCA 
TTTTTÁGGGAAGGGATTTTGGCTCAAAACGATCTGACCACCTCTGCCCTGTCCAECAGGA TARGTUAGAOOTAGGACCCAGGAAATAAA TGCCGATGATTTGTGT 
GAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 1185 
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cDNA and deduced amino acid sequences of human PKIB (A) and PKIG (B), and mattiple alignment of PKis from different species to show РКІ 
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at 72 °С) after an initial denaturation at 93°C for 3 min, and 
were followed by incubation at 72°C for 5 min. Based on the 
human PKIA sequence reported previously [1], a pair of primers, 
LZA, (CCTGCTATGTGGATATTTGGTAG) and LZA, 
(GGTTCCTGCAATGCAGCACAGCCA) was designed and 
used to amplify cDNA libraries as described above. The PCR 
products were subcloned into the pGEM-T vector and sequenced 
using the BigDye terminator sequencing kit and ABI377 se- 


_ quencer (Perkin-Elmer Applied Biosystems, Foster City, CA, 


О.8.А.). 

The protein sequences of РКІ isoforms from other organisms 
were searched for in Entrez (National Center for Biotechnology 
Information) and motif analysis was performed using the MEME 
program (Multiple EM for Motif Elicitation; http:// 
www.sdsc.edu/ MEME/meme/website/) [7]. 

Radiation hybrid (RH) mapping of PKIB was performed 
using а GB4 panel (GeneBridge4 Human/Hamster RH Panel; 
Research Genetics Inc., Huntsville, AL, U.S.A.) and PCR 
primers LZB-RH, (5'-GTAACTGTGGTAACATTGCAGCC-3) 
and LZB-RH, (5-САААСАСАСТСТАТССАТСТСАС-37. 
The primers were designed, based on the 3'-untranslated region 
(UTR) sequence of PKIB cDNA. The PCR conditions 
were as above and the reactions were run for 40 cycles (1 min at 
94 °C, 1 min at 63 °C and 40 s at 72 °C) after initial denaturation 
at 94 °C for 3 min, and were followed by incubation at 72 °C for 
10 min. The PCR products, amplified with DNA samples from 
five Chinese subjects, were sequenced to confirm that they were 
identical to the 3'- UTR sequence of PKIB cDNA. The PCR 
results were graded (0 if two duplicate PCRs showed a negative 
signal, 1 if both showed a positive signal and 2 if they showed a 
different signal) and were sent to the Sanger RH Mapping Server 
(http://www.sanger.ac.uk/RHserver/R Hserver.shtml) for stat- 
istical analysis. RH mapping of РКІС was determined using a 
G3 panel (Stanford G3 Human/Hamster RH Panel; Research 
Genetics Inc.) The PCR primers used were LZG-RH, 
(5’-TCTGACCTTGTCCAAGAAGGCTG-3) and LZG-RH, (5- 
GTCCTAGGTGTCACTTATCCTGG-3); the annealing tem- 
perature for each PCR amplification cycle was 60°C. The 
procedure was then the same as for the RH mapping of PKIB 
described above. The recorded PCR results of PKIG were sent to 
the Stanford RH mapping server (http://www-shgc.stanford. 
edu/RH/rhserverformnew.html) for statistical analysis. The 
chromosome locus was determined using the GDB database 
(http ://gdbwww.gdb.org/gdb/). 

Northern hybridizations of PKIA, PKIB and PKIG were 
performed on multiple-tissue Northern (MTN) membranes 
(MTNI and MTNII; Clontech Inc.) with mRNA samples from 
16 adult human tissues. The probes were prepared by labelling 
the cDNA fragments (amplified from human cDNA libraries as 
described above) with [a-**P]dATP (Amersham) using the 
PCR method and were purified on a Sepharose-G50 column. 
The MTN membranes were prehybridized in hybridization/ 
prehybridization solution (5x SSPE [1x SSPE = 0.15 M 
NaCl/10 mM sodium phosphate (pH 7.4)/1 mM EDTAJ, 50% 
formamide, lOxDenharts (1xDenhardt's = 0.02% Ficoll 
400/0.02 % polyvinylpyrrolidone/0.002% BSA), 2% (w/v) 
SDS, 100 ug/ml calf-thymus DNA} at 42°C for 16h, and 
hybridized in a hybridization oven (Hybaid Interactive, 
Teddington, Middx., U.K.) with the labelled probe for a further 
24 h, with continuous shaking. The membranes were then washed 
several times with 0.1 x SSC (1 x SSC = 0.15 M NaCl/0.015 M 
sodium citrate) containing 0.1% SDS at 42 °C and were exposed 
to X-ray film at —80 °C for 5 days. Northern blotting of human 
f-actin was performed as described above, except that the 
membranes were exposed to the X-ray film for 8 h. The intensities 
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Figura 2 Mapping of PA/B (A) and PKIG (B) 


(A) PKIB was localized to chromosome 6421-22.1 between marker 065408 and 065407 (В) 
PKIG was localized to 20q13 12-13 13 and 35 СА, оооу proximal to marker SHGC-33922 
Centiray (cR == CR) distances between the markers and the lod score scores associated with 
gach marker are also indicated on the map 


of the bands were determined using the Complete Gel Docu- 
mentation and Analysis System (GDS 8000; Gene Company 
Limited, Shanghai, China). 


RESULTS AND DISCUSSION 


Twenty eight human ESTs with high homology with mouse 
PKIf (GenBank accession number L02241) and 18 human ESTs 
homologous to mouse РКТу (GenBank accession number 
U97176) were obtained and assembled into two EST contigs, 
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Figure 3 Northern blots of three human PKI isoforms In 16 adult human tissues and comparison of tissue expression patterns 


(А) The membranes (MTNI and MTNII) were hybridized with РКА, PKIB and PK/G The Northern blots were also hybndized with the #-actins corresponding to the genes, to allow normalization 
for differences in loading (B) Ratios of the autoradiographic intensities of the three PX/ isoforms with those of the corresponding f-actins The intensities of f-actin expression in heart and skeletal 
muscle are grven as the average of that in braln, placenta, lung, liver, kidney and pancreas Both long and short forms are included in the intensities of PK/A in heart and skeletal muscle, and 
PKIB in brain and placenta The motecular-size markers (kb) are shown on the left of the panels in (A) 


each 1.2 kb long. A fragment amplified from a human heart 
cDNA library was obtained with primers LZB, and LZB,. 
Another specific fragment amplified from a human testis cDNA 
library was derived with primers LZG, and LZG, The two 
DNA fragments were sequenced and confirmed to be identical 
with the two contig sequences homologous to mouse PKIf and 
PKIy respectively. These two cDNAs were later respectively 
named PKIf (cAMP-dependent, catalytic; PKIB) and PKIy 
(cAMP-dependent, catalytic; PK/G) by the Human Nomen- 
clature Committee. The PKIB cDNA contains an open reading 
frame (nt 258—494) coding for a peptide of 78 amino acids and a 
J-UTR sequence comprnsing two polyadenylation signals 
(ATTAAA ; nt 681—686 and nt 1164—169) followed by a poly(A)* 
tail (Figure 1À). In the 5'-UTR sequence of PKIB cDNA there 
are two in-frame stop codons (TAA; nt 207—209 and nt 237-239) 
upstream of the start codon. The putative protein shows 70% 
homology with mouse PKIZ [4] but only 2695 identity with the 
human PKI (ie. PKIA) reported previously [1]. The PKIG 
cDNA comprises an open reading frame (nt 254—484) which 
encodes a peptide of 76 amino acids (Figure 1B). The poly- 
adenylation signal (AATAAA; nt 1134—1139) and a poly(A} tail 
are present in the 3'-UTR of human PKIG. The deduced protein 
of PKIG shows 90% homology with mouse PKIy but only 
25% identity with the previously reported human PKIA and 
18% identity with the PKIB protein. 
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Notably, the РКІ consensus pseudosubstrate site 
(FxxxxRxGRRNA), which 1s essential for binding and inhibiting 
C-subunits of PKA [8—10], exists in PKIB and PKIG (aa 18—29 
in PKIB and aa 11-22 in PKIG) (Figures 1A and 1B). Ad- 
ditionally, the leucine-rich nuclear export signal (LxLxLxxLxHy) 
[11] is highly conserved ın PKIB (aa 45—54) (Figure 1A). A 
segment similar to the nuclear export signal is also present in 
PKIG (Figure 1B). These conserved sequences found in PKIB 
and PKIG suggest that they are both novel members of human 
PKI. To learn more about the structural characteristics of the 
proteins, the amino acid sequences of PKIs from other organisms 
were obtained by searching the GenBank database. As expected, 
the. conserved pseudosubstrate site and leucine-rich nuclear 
export signal motifs (Figure 1C) were defined from the 11 
existing PKIs using the MEME program (bits > 3.0), also each 
of the 11 sequences had an e-value much less than 10 (from 
8.1e-8 to 2e-32). The e-value of a sequence is given as the 
expected number of sequences in a random database of the same 
size that would match the motifs as well as the sequence does. 

The PKIB gene was located on a human chromosome using 
the RH GB4 panel with primers LZB-RH, and LZB-RH,. The 
results were recorded as follows. 1011100100-1210000100- 
0000010000-0000100000-1011001000-1010000000-0100100010- 
1011100100-2010001001-000. The statistical analysis using the 
Sanger RH server showed the PKIB gene was mapped between 


XN 
AN, 


marker 065408 (lod score = 16.6, cR,,,, = 0.10) апа 065407 
(lod score = 11.1, cR444, = 9.54). These two markers were located 
between 6921—22.1 according to the Genome Database compre- 
hensive map. Hence, human PKIB was assigned to chromosome 
6921-22.1 (Figure 2A). Similarly, the chromosome localization 
of human РКТС was determined with the G3 panel and primers 
LZG-RH, and LZG-RH,. The recorded PCR results were 
0000000000-0001000000-0000001010-0000010002-0000000000- 
0000000000-0001010000-0100010000-000 and, after statistical 
analysis, revealed that PKIG was 35 CR, 99) proximal to SHGC- 
33922 (lod score = 6.57) and 40 cR,,,,4, to SHGC-2795 (lod score 
= 6.01). The markers were located in chromosome 
20913.12-13.13 according to the GDB database. Therefore 
human PKIG was mapped to 20913.12-13.13 (Figure 2B). 

Northern-blot hybridizations of human PKIA, PKIB and 
PKIG were performed and their expression patterns were com- 
pared. The Northern blot of PKIA cDNA, which was obtained 
by amplifying a human skeletal muscle cDNA library with 
primers LZA, and LZA,, revealed that PKIA was specifically 
expressed in heart and skeletal muscle as two transcripts of 
3.3 kb and 1.5 kb (Figure ЗА). Hybridization with the PKIB 
probe detected two transcripts of 1.9 kb and 1.4 kb. The widely 
expressed 1.4 kb transcript was most abundant in placenta, 
abundant in brain, heart, liver, and pancreas, moderate in 
kidney, skeletal muscle and colon, and very weak in lung, spleen, 
thymus, prostate, testis, ovary, small intestine and peripheral 
blood leucocytes. The 1.9 kb transcript of PKIB was abundant in 
both placenta and brain. The two transcripts may be attributed 
to alternative polyadenylation at its two different polyadenylation 
signal positions. A 1.5 kb transcript of PKIG was identified in all 
tissues examined, with the highest level ш heart, lowest in thymus 
and peripheral blood leucocytes and moderate expression in the 
other tissues at slightly different levels. 

Comparison of tissue expression patterns of the three human 
PKI isoforms was performed using the ratios of the auto- 
radiographic intensities of PKI and f-actin in the 16 tissues 
tested. As shown ın Figure 3(B), both PKIB and PKIG were 
widely expressed (all 16 tissues), whereas PKIA was only 
expressed in two tissues, heart and skeletal muscle. The ratio of 
autoradiographic intensities of PKIs and the corresponding £- 
actins indicated that PKIB was abundant in placenta (2.43), 
brain (1.68), liver (1.43), heart (1.30), pancreas (1.27) and kidney 
(0.95); PKIG was abundant in heart (1.66), testis (1.05), prostate 
(0.93), placenta (0.79), brain (0.77) and skeletal muscle (0 69). It 
was also shown (Figure 3B) that heart and skeletal muscle, in 
which PKIA was specifically expressed, were the only tissues 
in which all three PKIs were expressed. In addition, the pre- 
dominant PKI isoforms were distinct in different tissues. In 
brain, placenta, liver, kidney and pancreas, PKIB was the 
predominant PKI isoform. In heart, lung, spleen, prostate, testis, 
ovary, small intestine and colon, PKIG was the predominant 
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isoform, and PKIA was predominant in skeletal muscle. Interest- 
ingly in thymus and peripheral blood leucocytes the three 
PKI isoforms were undetectable or showed only trace expression 
levels. The differences in tissue expression patterns of human 
PKIA, PKIB and PKIG suggest that they might play different 
roles 1n various tissues, individually or co-operatively. 

In conclusion, there are at least three PKI isoforms in human 
tissues, including PKIB, PKIG and the already known PKIA, 
and two PKI motifs, including the pseudosubstrate site and the 
nuclear export signal defined with 11 PKIs from six different 
species. The PKIB gene is localized on chromosome 6421—22.1 
and PKIG on 20413.12-13 13. The tissue expression patterns of 
human PKIA, PKIB and PKIG are obviously different, which 
might be helpful in the further investigation and understanding 
of their functions. 
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Heat-shock protein 43 (HSP43) of Caenorhabditis elegans is 
prominently expressed in the utse cell, which attaches the uterus 
to the hypodermis, the uvl cells joining the vulva and the 
uterus, the spermathecal valve and junctions between cells of 
the spermathecal cage. In body-wall muscle, HSP43 forms a 


punctate pattern of circumferential lines, probably corresponding 
to regions where the hypodermis contacts the muscle cells. 


Key words: a-crystallin, immunocytochemistry, reproductive 
organs, stress protein, tissue specificity. 





INTRODUCTION 


Small heat-shock proteins (smHSPs) belong to the a-crystallin 
family [1-3]. Whereas the subunit molecular masses of these 
proteins range from approx. 12000 to 43000, they generally exist 
as large complexes in their native forms. The best characterized 
smHSP structure, that of HSP16.5 from the thermophilic 
archaeon Methanococcus jannaschii, consists of a spherical 
assembly of 24 subunits [4]. Some smHSPs are strictly stress- 
inducible, whereas others may be constitutively expressed, de- 
velopmentally regulated or up-regulated under stress. Although 
the functions of smHSPs in vivo are poorly understood, they show 
an ATP-independent chaperone activity in vitro, i.e. the ability to 
inhibit aggregation and precipitation of substrate proteins [5]. 
SmHSPs have been found to be associated with specific structures 
in some cells, such as intermediate filaments [6], adherens 
junctions of desmosomes [7] or co-localized with muscle com- 
ponents [7,8]. À mixed complex between the small heat-shock 
proteins myotonic dystrophy protein kinase-binding protein/ 
HSPB2 and HSPB3 is formed during muscle differentiation in 
rat [8] These findings suggest that smHsps may serve a variety 
of specific functions in different tissues and cell types. Here we 
report the characterization of a new smHSP, HSP43, the largest 
identified member of this protein family encoded ш the genome 
of the nematode Caenorhabditis elegans. HSP43 1s constitutively 
expressed, developmentally regulated and shows striking locali- 
zation to specific somatic cells of the vulva and spermatheca, 
and to body-wall-muscle cell contacts. 


MATERIALS AND METHODS 
Cloning and expression of HSP43 


To generate the expression vector pRSET43, the HSP43 cDNA 
was amplified from phagemid pRATII-CM 14F11 (a gift from Dr 
Chris Martin, Genome Sequencing Center, Washington Uni- 
versity, St. Louis, MO, U.S.A.) with primers LD1 (5' tga catATG 
ACT CTT GCA ACC CGT CAT 3’, forward primer) and LD2 
(5 cga ctgeag ТТА ATA TGT СТТ GCG GAG 3’, reverse 
primer). The amplified HSP43 sequence (nucleotides 1-1107 of 
the coding region) was cloned into the NdeI—PstI sites of pRSET 


(Invitrogen). The vector pET43H, encoding HSP43 with a 
C-terminal His, tag (HSP43H,) was prepared by amplifying and 
subcloning the HSP43 coding region from pRSET43 into the 
Neol—HindI sites of pET28a(+ ) (Novagen) using primers LD20 
(5' aat ecatgg рс АСТ СТТ GCA ACC CGT CAT 3’, forward 
primer) and LD14 (5' ccgaagett ATA TGT CTT GCG GAG 
AAT 3’, reverse primer). HSP43H, was produced in Escherichia 
coli BL21(DE3) cells as described previously [7]. Bacterial cell 
pellets were suspended in 20 ml of Denaturing Buffer (6 M 
guanidinium chloride/50 mM Tris, pH 7.5), centrifuged at 
12000 g for 10 min, and the supernatant was loaded onto a Ni**- 
nitrilotriacetate-agarose column (Qiagen; 1 cm x 6.5 cm; 5 ші 
bed volume). The column was washed with 50 ml of Denaturing 
Buffer containing 10% (v/v) glycerol and 1% (v/v) Triton 
X-100, followed by 10 ml of Denaturing Buffer, and eluted with 
0.5 M imidazole in Denaturing Buffer. After dialysis against PBS 
(137 mM NaCl/2.7 mM KC1/4.3 mM Na,HPO,: 7H,0/1.4 mM 
KH, PO,, pH 7.4), HSP43H, precipitated from solution. The 
insoluble protein was collected by centrifugation, and an 
aliquot was analysed by SDS/PAGE to confirm purity [9]. The 
HSP43H, was then used for antibody production as described in 
[7]. 


Developmental expression profile 


Western blots of proteins from control and heat-shocked wild- 
type C. elegans were carried out as described in [7]. Immobilon-P 
membranes were probed with rabbit ant-HSP43 antibody 
(1:10000 dilution, pretreated with 195 (w/v) E. coli acetone- 
dried powder [10] or with an anti-actin monoclonal antibody 
(Clone 4, 1:10000 dilution; ICN), followed by the appropriate: 
secondary antibody [horseradish peroxidase-conjugated donkey 
anti-rabbit secondary antibody, 1:10000 dilution (Amersham) 
or horseradish peroxidase-conjugated mouse anti-rabbit sec- 
ondary antibody, 1: 10000 dilution (Promega)]. Protein-antibody 
complexes were detected by enhanced chemiluminescence 
(ECL®; Amersham). For comparison of different developmental 
stages, samples were adjusted so as to yield approximately equal 
signals with the anti-actin antibody. 


Abbreviations used (sm)HSP, (small) heat-shock protein, HSP43H,, HSP43 with a C-terminal Ніз, tag, DAPI, 4,6-diamidino-2-phenylindole; 


RNAI, RNA-mediated interference 
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Size-exclusion column chromatography 


Nematode extract (100 ul) was loaded onto a Superdex 200 
column (24 ml bed volume; Amersham Pharmacia Biotech) and 
chromatographed on an AKTA system (Amersham Pharmacia 
Biotech) at a flow rate of 0.7 ml/min. Fractions (0.25 ml each) 
were collected, and aliquots were analysed by SDS/PAGE, 
followed by Western blotting with the anti-HSP43 antibody 


Immunocytochemistry 


Mixed populations of N2 nematodes were cultured at 20 °C [11] 
or heat-shocked at 33 °C as described previously [12]. Immuno- 
fluorescence staining was a modification of the method of Loer 
and Kenyon [13], as previously described [7]. After blocking in 
BSA at room temperature for 1 h, permeabilized nematodes were 
incubated with rabbit anti-HSP43 antibody (pre-treated with 1% 
E coli acetone-dried powder) at 1:250 dilution, and/or mouse 
monoclonal antibodies MH27 [14] or DM5.6 [16] at 1:250 
dilution at room temperature for 2 h. Samples were washed and 
incubated with fluorescent secondary antibodies at 1:250 dilution 
(Alexa™488 anti-rabbit conjugate from Molecular Probes, Inc. 
and/or Texas Red dye-conjugated anti-mouse IgG from Jackson 
Immunoresearch Laboratories, West Grove, PA, U.S.A.) at 
room temperature for 2 h. In combination with antibody staining, 
some nematodes were also stained with 4,6-diamidino-2- 
phenylindole (DAPI) and Texas Red-X-phalloidin (Molecular 
Probes). In control experiments, anti-HSP43 antibody was pre- 
incubated with 1 mg/ml of recombinant HSP43H, prior to use. 
After staining, nematodes were mounted as described in [7] and 
viewed by fluorescence microscopy on an Axioplan 2 microscope 
(Zeiss). 


Double-stranded-RNA-mediated Interference (RNAI) assays of 
HSP43 


Double-stranded RNA was prepared from phagemid pRATII- 
CM14F11 (nucleotides 1—1107 of the HSP43 coding region) or 
cDNA clone YK275 (phagemid pBluescript SK — ; nucleotides 
117-1107 of the HSP43 coding region; a gift from Dr. Yuji 
Kohara, National Institute of Genetics, Mishima, Japan). 
Double-stranded RNA was synthesized as described by Fire et 
al. [17] and microinjected into nematodes as previously described 


[7]. 


RESULTS AND DISCUSSION 


Polyclonal antibodies produced to recombinant HSP43 reacted 
with a single major protein species with an apparent molecular 
mass of 43 000, and was present at similar levels in both control 
and heat-shocked animals (Figure 1A). To investigate the 
developmental expression of HSP43, nematode extracts were 
prepared from all life-cycle stages and probed with anti-HSP43 
antibody (Figure 1B). HSP43 was detected at all developmental 
stages in animals growing at normal temperature, although levels 
in embryos were somewhat lower. HSP43 was surprisingly 
unstable in nematode extracts (even when stored on ice in SDS 
loading buffer, with protease inhibitors), levels becoming almost 
undetectable within 15 min. In contrast, actin was stable under 
the same conditions (Figure 1C). Given this finding, quantitative 
comparisons of HSP43 levels at different developmental stages 
must be interpreted with caution, since it is possible that the half- 
life of HSP43 in extracts could vary at different stages. 

We attempted to estimate the size of the HSP43 complex in 
fresh nematode extracts by size-exclusion chromatography. 
HSP43 was eluted in the void volume from a column of Superdex 
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Figure 1 Expression of HSP43 


(A) Effect of heat shock on HSP43 synthesis С elegans was cultured either at 20 °C (lane 1) 
of heat-shocked at 33 °C (lane 2) Extracts were analysed by SDS/PAGE and Western blotting 
(upper panel, antibody to HSP43, lower panel, antibody to actin) (B) Extracts were prepared 
from С elegans at each developmental stage and analysed by SDS/PAGE and Westem blotting 
as in (А) Lane 1, embryo, lanes 2—5 (11-14 larval stages), lane 6, adult (C) Degradation 
of HSP43 Fresh nematode extracts in 1 x SDS/PAGE loading buffer were treated as described 
in the Materials and methods section and incubated on ice for the indicated times before 
SDS/PAGE analysts 


200, as shown by Western blotting of column fractions with the 
HSP43 antibody. The size of the complex was estimated to be 
more than 670 kDa (results not shown), suggesting that HSP43 
forms multimers of at least 16 subunits. 

The tissue specificity of HSP43 in larval and adult nematodes 
was examined by rmmunofluorescence staining. In both control 
and heat-shocked adult and ІА larvae (the fourth larval stage) а 
low level of staining was seen throughout the body, together with 
very strong, specific, staining in the vulva and spermatheca 
(Figure 2A). In the vulval region, HSP43 was localized 1n the 
adherens junctions of vulval epithelial cells (Figure 2B), but 
absent from vulval muscle (Figure 2C). Images taken in different 
focal planes of the vulval region revealed HSP43 staining in the 
utse cells, which attach the uterus to the seam cells of the 
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Figure 2 immunocytochemisiry of HSP43 


Ali animals onentated with алівпог to the left uniess otherwise mentioned. in all images, HSP43 staining 15 shown in grean (A) Young adult HSP43 is concentrated in the vulva (v) and spermathecae 
(sp) (B) HSP43 expression in the adherens junctions of vulval epithella (ventral view) HSP43 (B1) and MH27, which stains desmosomes (B2), are partially co-localized (B3) (C) Ventral view. 
The relative position of HSP43 in vulva (green) is compared to vulval muscle (red, arrows, phalloidin). (D) Overview of HSP43 staining in vulval region (adult, lateral view) Arrows indicate utse 
and 2 uvi cells (ET) H-shaped utse, ventro-lateral view (E2) and (ЕЗ) uvi cells, with adjacent DAPI-stained gonadal nucle! (shown in red). (Е) Spermathecal expression of HSP43 (F1) HSP43 
Staining in the spermathecal cage (green) with DAPI-stained sperm nucle: (shown in blue) (F2) HSP43 (green) is co-localtzed with desmosomes (red, MH27), except In spermathecal valve (arrow) 
(F3) More lateral view of a spermathecal cage, with HSP43 staining in green and nucle (DAPP in red (F4) HSP43 staining in spermathecal valve region (green) compared with valve-muscie 
staining (red, phalloidin), HSP43 labels both ends of the phalloidin patiam (G1) and (82) L2 showing staining of muscle in red (phalloidin, G1) and nucie in blue (DAPI, 82) The 
pharyngeal-intestinal valve (left arrow, 81) and intestinal-anal valve (nght arrow, Q1) are labelled by HSP43 (Н), HSP43 staining over body-wall muscle (H1) L3 larva The signal is more intense 
where muscle calls contact one another (arrows). (HZ) magrufied region of L34arval muscle surface, showing punctate pattern of HSP43 staining forming columns running circumferenbally over 
muscis cells, probably at sites of hypodermai contacts Columns can be resolved as doublets of elongated spots (arrows). (T) and (J) Specificity of ant-HSP43 No HSP43 signal was seen т 
spermatheca (1) or vulva (J) when antiserum was pre-incubated with excess pure HSP43 DAPI staining (blue) shows location of nuce: (11 and J1), and co-staming with MH27 (red, 12) or DM5 6 
(red, 42) indicates affcient parmeabilizatron of the animals 
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hypodermis (Figures 2D and 2El) and in the пу] cells which 
form the junction between the vulva and uterus [18] (Figures 2D, 
2E2 and 2E3). At the same developmental stages, HSP43 staining 
was seen in desmosomes of cells which make up the spermathecal 
cage (Figure 2, F1—F4) and the spermathecal valve (Figure 2, 
F2-F4). L2 larvae, which lack vulva and spermatheca, showed 
prominent HSP43 staining anteriorly in the pharyngeal-intestinal 
valve, a structure made up of six cells coupled by a system of 
desmosomes [19], and posteriorly in a discreet region probably 
corresponding to the intestinal-rectal valve (Figure 2, Gi and 
G2). 

In all post-embryonic stages, HSP43 staining was observed in 
a very regular punctate pattern over body-wall muscle, the 
columns of labelled spots running circumferentially along 
the muscle quadrant and the signal being more intense where the 
muscle cells contact each other (Figure 2, H1, arrows). Individual 
bands could be resolved as doublets separated by a narrow space 
(Figure 2, H2, arrows). This pattern appears identical with that 
reported for monoclonal antibody MH5 [20], which labels fibrous 
organelles containing hemidesmosomes associated with the 
hypodermis, where it contacts the muscle cells. Similar patterns, 
but differing in some details, were noted with monoclonal anti- 
bodies MH4 and MH46 [20]. Interestingly, the monoclonal 
antibody IFA, which defines an epitope conserved on all classes 
of mammalian intermediate filments [21], also reacts with arrays 
of filaments in C. elegans [20] and Ascaris [22], and yields an 
immunofluorescence pattern very similar to those of MH4 and 
МН [20]. The specificity of the antiserum for HSP43 is demon- 
strated by the loss of signal when the antibody is pre-incubated 
with excess pure recombinant HSP43 (Figure 2, [1—J2). 

Recently a number of associations between smHSPs and 
cytoskeletal elements have been noted. a-Crystallins have been 
implicated in modulating intermediate-filament assembly [23] 
and actin polymerization [24], and HSP27 is associated with glial 
fibrillary acidic protein (a class of intermediate filament), 
vimentin and keratin filaments in various mammalian celi lines 
[6]. Characterization of five of the six known mammalian smHSPs 
revealed that only muscle-related tissues expressed all types [8]. 
Our recent studies of HSP25, another C. elegans smHSP, showed 
it to be localized to dense bodies and M lines in body muscle, and 
to junctions between cells of the spermathecal wall [7]. The latter 
resembled the pattern seen here with HSP43. Thus an increasing 
body of evidence implicates the smHSPs in managing interactions 
between protein components of filamentous networks in cells. 

To examine the possible phenotype of an HSP43 knock-out 
mutation, we carried out RNAi experiments. This technique, 
which involves micro-injection of double-stranded RNA 
corresponding to a given gene sequence, results in potent and 
specific inhibition of gene expression in the F1 progeny of the 
injected animal, and often mimics the null phenotype of the gene 
[17,25]. Under conditions which produced suppression of a 
control myosin-green fluorescent protein fusion gene in approx. 
9095 of the progeny of injected animals, no effect of HSP43 
RNAi on embryo viability was seen, and the progeny of the 
injected nematodes developed normally (results not shown). 
The lack of a conspicuous phenotype in these RNAi experiments 
suggests, but does not prove, that the function of HSP43 is non- 
essential in normal C. elegans growth and development. Other 
possibilities are that up-regulation of another member of the 
smHSP family might be able to compensate for a decrease in 
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HSP43, or that HSP43 might be essential only under specific 
physiological conditions. It is unlikely that RNAi experiments 
would reveal a moderate selective advantage conferred by HSP43 


function, which could be of great significance under natural 


conditions. 


We have shown that HSP43 expression shows remarkable 


tissue specificity in C. elegans, being localized prominently to the 
utse and uvl cells of the vulva, the somatic cells forming 
the spermatheca and the spermathecal valve. HSP43 is also found 
atsites of contact between body-wall muscle cells and, tentatively, 
between muscle cells and overlying hypodermis. In the light of 
demonstrated associations between smHsps and intermediate 
filaments [6,23], one might envisage, for instance, that HSP43 is 
particularly well adapted for chaperoning intermediate-filament 
assembly + disassembly in the above tissues. 
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Ascorbate oxidation is a prerequisite for its transport into rat liver 


microsomal vesicles 
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Oxidation and uptake of ascorbate show similar time courses in 
rat liver microsomal vesicles: a rapid burst phase is followed by 
a slower process. Inhibitors of ascorbate oxidation (proadifen, 
econazole or quercetin) also effectively decreased the uptake of 
ascorbate. The results show that dehydroascorbate is the trans- 


port form of ascorbate at the membrane of the endoplasmic 
reticulum. 


Key words: dehydroascorbate, endoplasmic recticulum, protein 
disulphide. 





INTRODUCTION 


The concentration of ascorbate is markedly different in the 
extracellular space, in the cytoplasm and in subcellular com- 
partments of various cells, both in ascorbate-synthesizing and 
non-ascorbate-synthesizing species [1]. Ascorbate and its oxidized 
form, dehydroascorbate, are charged and are water-soluble 
compounds, and therefore their uneven distribution can be 
explained by the different rates and capacities of transport 
processes in the membrane. The ascorbate-transport systems of 
the plasma membrane are the best known; the intracellular 
accumulation of ascorbate is due to the Na*-dependent co- 
transport of ascorbate and the facilitated diffusion and cytosolic 
reduction of dehydroascorbate [2-4]. Besides Na*-dependent co- 
transport, it is questionable whether or not other forms of 
ascorbate transport exist. However, the intracellular and sub- 
cellular accumulation of ascorbate suggest that the facilitated 
diffusion of ascorbate can be absent, or minimally represented, in 
most membranes. 

The lumen of the hepatic endoplasmic reticulum (ER) and of 
the vesicular structures of the secretory pathway is characterized 
by high (millimolar) ascorbate concentrations [5-7]. Ascorbate, 
in addition to its antioxidant properties, has another function: its 
accumulation creates a cofactor pool for several ascorbate- 
dependent intraluminal enzymes of the ER, such as prolyl 
hydroxylase and lysyl hydroxylase [1]. However, the mechanism 
of ascorbate accumulation is unknown. Although ascorbate 
transport seems to be less effective and can be inhibited by 
reducing agents, the facilitated diffusion of dehydroascorbate 
has been described in rat liver microsomes. It is presumably 
mediated by a glucose transporter, the T3 subunit of the glucose- 
6-phosphatase system [8]. These observations might suggest that 
ascorbate transport is dependent on its prior oxidation; that is, 
dehydroascorbate is the obligatory transport form in the ER. 
This mechanism is not unprecedented: superoxide anion pro- 
duced by neutrophil granulocytes oxidizes ascorbate in the 
medium, dehydroascorbate is transported into the cells and it is 
reduced back to ascorbate in the cytosol. The whole process 
results in the intracellular accumulation of ascorbate [9]. Since 


ascorbate oxidation also takes place at the ER membrane [10,11], 
we considered the possibility that a similar mechanism might be 
responsible for ascorbate uptake and accumulation in this 
subcellular compartment. The aim of the present work, therefore, 
was to explore the role of ascorbate oxidation in intraluminal 
ascorbate accumulation ın rat liver microsomal vesicles. 


EXPERIMENTAL 
Preparation of microsomes 


Liver microsomal vesicles were prepared from Wistar male rats 
(250-300 g body weight) [12]. Microsomes were resuspended, 
frozen, and stored as described previously [8]. The intactness 
of microsomal vesicles was checked by measuring the latency of 
mannose-6-phosphatase and p-nitrophenol:UDP-glucuronosyl- 
transferase [8]. 


Uptake measurements 


Ascorbate transport was measured by a rapid-filtration method 
[8]. Inhibitors were added 10 min before the experiments. 
Ascorbate transport was also evaluated by the light-scattering 
method detailed in [8]. 


Ascorbate oxidation 


For the determination of ascorbate oxidation, microsomal 
vesicles (1 mg of protein/ml) were incubated in the presence of 
0.1 mM ascorbate at room temperature. Reactions were 
terminated and ascorbate contents were measured as described 
elsewhere [10]. Protein concentrations were measured with the 
Bio-Rad protein assay using BSA as standard. 


Materlais 


Ascorbate, proadifen, econazole and quercetin were obtained 
from Sigma. l-[carboxy-*C]Ascorbic acid (13.7 mCi/mmol) 
was from Amersham, Little Chalfont, Bucks., U.K. Cellulose 
acetate/nitrate filter membranes were from Millipore. All other 
chemicals were of analytical grade. 





Abbreviation used ER, endoplasmic reticulum. 
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RESULTS 
Ascorbate oxidation In rat liver microsomal vesicles 


Rat liver microsomal vesicles were 1ncubated in the presence of 
0.1 mM ascorbate. On account of the instability and rapid re- 
reduction of dehydroascorbate, the oxidation of ascorbate was 
measured on the basis of decreases in its concentration. In the 
microsomal system the only likely metabolism of ascorbate is its 
oxidoreduction; the ascorbate consumption measured in our 
experiments represents a balance of oxidation and re-reduction 
[10]. An ‘oxidative burst” was observed in the first 30 s of the 
incubation: approx. 15% of added ascorbate disappeared. This 
period was followed by a phase of slow, but continuous, ascorbate 
oxidation (Figure 1). In incubations carried out in the presence 
of inhibitors (proadifen, econazole or quercetin) the rate of 
ascorbate oxidation was significantly slower (Table 1). 


Ascorbate transport Into rat liver microsomal vesicles 


Ascorbate (0.1 mM, plus radiolabelled tracer) was added to rat 
liver microsomal vesicles and its intravesicularly accumulated 
radioactivity was measured by a rapid-filtration method. 
Ascorbate uptake showed a biphasic behaviour — an initial fast 
phase (in the first minute of measurement) was followed by a 
second phase of slow transport (Figure 1). During the 10 min 
detection period, ascorbate uptake did not reach equilibrium; 
ascorbate occupied about 60% of the intravesicular water 
space (3.5 ul/mg of protein; see [8]). Addition of the inhibitors 
of ascorbate oxidation (proadifen, econazole or quercetin) 
inhibited ascorbate uptake (Table 1). 
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Figure 1 Time course of ascorbate oxidation and uptake In rat Iiver 
microsomal vesicles 


Microsomes (1 mg of protein/m) were incubated іп the presence of 01 mM ascorbate at room 
temperature At the indicated times the decrease in ascorbate concentration (broken line) was 
measured and ascorbate uptake (continuous line) was detected by а rapid-filtraon method 
Results are expressed as means-rS D for four to six experiments 
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Table 1 Effect of the inhibitors of ascorbate oxidation on ascorbate uptake 
In rat liver microsomal vesicles 


Microsomes (1 mg of protein/ml) were Incubated in the presence of 0.1 mM ascorbate and the 
indicated inhibitors of ascorbate oxidahon (0 1 mM each) at room temperature for 10 min The 
decrease in ascorbate concentration was measured and ascorbate uptake was detected by a 
rapid-filtration method The half-time of ascorbate transport was also calculated from the light- 
scatlaning traces shown in Figure 2 Results are expressed as means 4-5 D for four to six 
experiments Abbreviation used NM, not measured 


Ascorbate uptake or oxidation 
(nmol/10 min per mg of protein) 





Ascorbate uptake 
Addition Oxdahon Uptake half-time (s) 
None 23 6+2.6 023-006 54-2 
Econazole 454-39 0 06 4- 0 01 29 4-5 
Proadifen 1.7+14 0054-002 204-5 
Quercetin 1044+89 005+001 NM 
10 sec 
a 
t 
MLB 
1 


Figure 2 Ascorbate permeation In rat liver microsomes detected by а ight- 
scattering technique 


Microsomes (01 mg of protein/ml) were preincubated in the presence or absence of the 
intubttors of ascorbate oxidation (trace a, control, trace b, 01 mM econazole, trace c, 0 1 mM 
proadifen) for 10 min At the indicated time (arrow), 50 mM ascorbate was added and the 
osmotically induced changes in light-scattsnng were recorded Representative traces from four 
experiments are shown 


Ascorbate uptake was also detected by a light-scattering 
technique Ascorbate (50 mM) addition, in accordance with 
previous observations [8], resulted in the temporary shrinkage of 
rat liver microsomal vesicles, followed by a swellng phase, 
indicating the equalization of osmolarity on the two sides of 
the ER membrane due to ingress of osmolyte into the lumen. In 
the presence of econazole or proadifen the swelling phase became 
extended, showing a hindered permeation (Figure 2), with the 
half time of ingress increasing approx 4-6-fold (Table 1). 


WA 


These two compounds did not affect the permeation of other 
investigated molecules (glucose or sucrose; results not shown) 


DISCUSSION 


The transport of ascorbate and dehydroascorbate through the 
membrane of the ER has been described in rat liver microsomal 
vesicles [8]. The results presented here suggest that genuine 
ascorbate transport 1s negligible, or even absent, in microsomal 
vesicles, and the oxidation of ascorbate to dehydroascorbate is a 
prerequisite for the uptake. This assumption is supported by the 
following observations: (i) ascorbate oxidation and uptake 
display a similar time course in microsomes (Figure 1); (ii) 
inhibitors of oxidation also inhibit uptake (Table 1 and Figure 
2); Gii) reducing agents decrease ascorbate uptake [8]; (iv) non- 
specific anion-transport inhibitors were only marginally effective 
in respect to ascorbate uptake [8]. 

The uptake did not reach equilibrium, even after 1 h incubation 
[8]; the concentration gradient for dehydroascorbate was there- 
fore continuous. However, transport slowed down after the first 
minute, which can be attributed to the similar behaviour of 
ascorbate oxidation. A possible explanation for the slowing 
of ascorbate oxidation could be that the redox potential of 
the ascorbate-dehydroascorbate conjugate pair at this point 
approaches the redox potential value of the enzyme responsible 
for the oxidation. 

The results indicate that ascorbate always arrives into the 
lumen of the ER in an oxidized form. Therefore, this transport 
process may be an important source of the oxidizing environment 
of the ER necessary for protein disulphide formation and protein 
folding. Dehydroascorbate can oxidize GSH or directly the 
protein thiol groups non-enzymically or by the mediation 
of protein disulphide-isomerase [15,16]. The reactions result in 
the reduction of dehydroascorbate and in the intraluminal 
entrapping of ascorbate. 

The poor permeability of the ER membrane to ascorbate can 
explain the high ascorbate concentrations found in microsomal 
preparations or in the vesicular structures of the secretory 
pathway. The intraluminal entrapping of ascorbate creates a 
cofactor pool for ascorbate-dependent enzymes of the ER; 
moreover, it can be the source of ascorbate secretion by the 
hepatic exocytotic pathway, even in species unable to synthesize 
ascorbate [17]. 

In summary, the present results support the transport-based 
hypothesis for the generation of the oxidizing environment in the 
ER lumen. Ascorbate is able to promote protein thiol oxidation 
in microsomes; agents inhibiting microsomal ascorbate oxi- 
dation also inhibit its uptake and protein thiol oxidation. 
Altogether these findings strongly suggest that dehydroascorbate 
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could be an oxidizing agent in the mechanism of protein 
disulphide formation. 
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Ali RNA viruses known to date encode an RNA-dependent 
RNA polymerase (RdRp) that is required for replication of the 
viral genome. We have expressed and purified the turnip yellow 
mosaic virus (TYMV) RdRp in insect cells using a recombinant 
baculovirus, either in its native form, or fused to an hexa- 
histidine tag. Phosphorylation of the protein was demonstrated 
by labelling experiments in vivo, as well as phosphatase treatment 
of the purified protein m vitro. Phospho amino acid analysis and 
immunoblotting experiments identified serine and threonine 
residues as being the subject of phosphorylation. Peptide mass 
mapping using MS analysis of a protein digest revealed that 
phosphorylation sites are localized within a putative PEST 


sequence [a sequence rich in proline (P), glutamic acid (E), serine 
(S) and threonine (T) residues] in the N-terminal region of the 
protein. Using monoclonal antibodies specific for ubiquitin 
conjugates, we were able to demonstrate that the TYMV RdRp 
is conjugated to ubiquitin molecules when expressed in insect 
cells. These observations suggest that the TYMV RdRp may be 
processed selectively by the ubiquitin/proteasome degradation 
system upon phosphorylation of the PEST sequence. 


Key words: PEST sequence, positive-strand RNA virus, TY MV, 
viral replication 





INTRODUCTION 


Turnip yellow mosaic virus (TY MV), a member of the tymovirus 
group, 1s a plant RNA virus that belongs to the ‘alpha-like’ 
super-group of viruses [1], which also comprises Sindbis virus. 
TYMV possesses a monopartite positive-strand genomic RNA 
of 6.3 kb, which directs the expression of two overlapping non- 
structural proteins of 69 and 206 kDa [2]. A third open reading 
frame encodes the 20-kDa coat protein which is expressed from 
a subgenomic RNA. The longer 206-kDa (206K) protein has 
considerable amino acid sequence similarities with non-structural 
putative replication proteins of several positive-strand RNA 
viruses (reviewed in [3]) and it has been shown to be necessary for 
TYMV RNA replication [4]. Upon expression in vitro, the 206K. 
protein undergoes proteolytic maturation events [5], resulting 
in the synthesis of N-terminal 140 kDa (140K) and C-terminal 
66 kDa (66K) proteins [6,7]. 

Replication of TYMV occurs in membrane-associated rep- 
lication complexes [8]. Within these, the genomic plus-strand 
RNA is transcribed into minus-strand RNA, which in turn can 
be used as a template for synthesis of progeny genomic and 
subgenomic plus strands. At least the two viral proteins 140K 
and 66K appear to be involved 1n this reaction [9]. While the role 
in RNA replication of the 140K protein, which carries methyl- 
transferase and NTPase/putative RNA helicase motifs, is less 
clear, the 66K. protein is obviously the key enzyme responsible 
for synthesis of progeny RNA strands because it contains several 
motifs considered to be signature sequences for RNA-dependent 


RNA polymerases (RdRps) [10]. It has been suggested that these 
motifs may co-operate to form an ordered domain, which 
constitutes a “polymerase module’ implicated in template in- 
teraction and polymerase activity [11]. All RNA viruses known 
to date encode an RdRp that is required for replication of the 
viral genome. Some events of TYMV genome replication have 
been elucidated by mutagenesis of cloned genomes [9] whereas 
purification of active replication complexes from infected plants 
[12,13] has allowed the characterization of some of their enzymic 
properties [13-15]. However, the low amounts of non-structural 
viral proteins produced during viral infection precluded any 
biochemical and structural analyses. 

Such studies can be greatly facilitated by the use of RdRp 
purified from recombinant sources. This approach has been 
successfully used in earlier experiments including poliovirus 
3D?" [16], tobacco vein mottling potyvirus NIb [17] and hepatitis 
C virus NS5B protein [18]. Purification and characterization of 
poliovirus 3D” from different sources showed that recombinant 
enzyme preparations from bacteria or insect cells are indis- 
tinguishable by all measured criteria from the RdRp synthesized 
in the natural host cell [19]. 

In order to study the properties of the TYMV RdRp, we 
report the expression of the TYMV 66K protein (RdRp domain) 
in 1nsect cells using recombinant baculoviruses. Using a rapid 
purification procedure by means of an engineered N-terminal 
hexa-histidine tag, we show that the protein is phosphorylated in 
vivo on serine and threonine residues. Using matrix-assisted 
laser-desorption ionization-time-of-flight (MALDI-TOF) MS, 


Abbreviations used MALDI-TOF, matrix-assisted laser-desorption ionization—time-of-flight, Ni-NTA, Ni**-nitrilotriacetate, RdRp, RNA-dependent 
RNA polymerase, TYMV, turnip yellow mosaic virus, amu, atomic mass units | 
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phosphorylated peptides were localized to a putative PEST 
region [a region enriched in proline (P), glutamic acid (E), serine 
(S) and threonine (T) residues]. In addition, higher-molecular- 
mass products were identified as ubiquitin-66K conjugates. We 
discuss the possible role of these post-translational modifications 
in the regulation of the protein's metabolic stability. 


EXPERIMENTAL 
Plasmid constructions 


All DNA manipulations were performed using standard tech- 
niques [20,21]. The DNA fragment encoding the TYMV 66K 
protein (nt 3872—5629 according to [2]) was amplified by PCR 
using Pfu DNA polymerase (Stratagene) and primers 1, 5'- 
CGGAATTCCATGGGCACCCCCAGCGCATCCCCCACC- 
CACC-3’, and 3, 5'-CGGGATCCGGTACCCTATTGGACG- 
TAGTGAAGCAATTC-3', which provided NcoI and Kpnl re- 
striction sites (underlined) at the 5' and 3' termini of the gene, 
respectively. The 1766-nt-long Ncol-Kpnl fragment was cloned 
in the similarly restricted baculovirus transfer vector p10-119pst 
(kindly provided by M. Cerutti, Station de Recherches de 
Pathologie Comparée CNRS-INRA, Saint Christol-lez-Ales, 
France), a modified version of pGm8022, which allows expression 
under the control of the late p10 gene promoter [22], to give the 
construct p17AE. The ATG codon ш the engineered Ncol site 
serves as an artificial start codon for translation. In the following, 
the protein expressed by this construct will be referred to as 66K. 

To create the construct p8AF, the same procedure was used 
with the combination of primers 2, 5'-CGGAATTCCATGG 
GC(CACCAT),ACCCCCAGCGCATCCCCCACCCACCGT- 
TCG-3’ (with the NcoI site underlined), and 3. This construct 
gives rise to a 66K protein with an N-terminal hexa-histidine tag, 
which will be referred to as His-66K. The transferred PCR 
fragments were sequenced completely on an ABI Prism 377 
DNA sequencer (Applied Biosystems) using a BigDye Ter- 
minator Sequencing kit (Applied Biosystems) and specific prim- 
ers. Due to the engineering of the start codon within an NcoI 
cloning site in the DNA sequence, the N-termini of both 
recombinant proteins differed from the authentic viral protein by 
the presence of a methionine followed by a glycine residue 
instead of the threonine residue at position 1. The amino acid 
numbering starts at TIPSA ... 7, i.e. at the genuine N-terminus of 
the viral 66K protein [6,7], so that residue positions of re- 
combinant and native 66K. proteins correlate. 


Expression of 66K and His-66K in insect cells 


Recombinant baculoviruses Вас17АЕ and Bac8AF were gen- 
erated by co-transfection of Spodoptera frugiperda (Sf9) lepi- 
dopteran cells with AcSLP10 DNA [22] and the p17AE and 
p8AF constructs respectively. The growth of Sf9 cell cultures 
and propagation of recombinant baculoviruses were carried out 
as described previously [23]. For the expression of 66K or 
His-66K. proteins in insect cells, monolayers of Sf9 cells were 
infected with recombinant baculovirus Вас17АЕ ог Bac8AF and 
incubated at 28°C for 48 to 64h. When tested, tunicamycin 
dissolved in DMSO was added to the cell cultures (final con- 
centration, 10 ug/ml) at 7 or 20h post-infection. As controls, 
cells were incubated with DMSO alone. The cells were harvested 
52 h post-infection and the recombinant proteins were detected 
as described below. 


Purification of His-66K 


Bac8A F-infected Sf9 cells were harvested 64 h post-inoculation, 
pelleted at 500 g for 5 min, washed with PBS, and resuspended in 
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buffer A (6 M guamdinium hydrochloride/0.1 M sodium phos- 
phate/10 mM Tris/HCl, pH 8) at 105 cells/ml. Cells were in- 
cubated for 1 h at room temperature and the lysate was centri- 
fuged at 10000 g for 15 min. Then, 1 ml of a 50 % slurry of Ni**- 
nitrilotnacetate (Ni-NTA) Superflow resin (Qiagen) previously 
equilibrated in buffer A was added to 10 ml of the supernatant 
and incubated for 45 min at room temperature with occasional 
shaking. The mixture was then loaded on a 0 5-cm-diameter 
column, washed with six column volumes of buffer A, 
three column volumes of buffer B (8 M шеа/0.1 M sodium 
phosphate/10 mM Tris/HCl, pH 8) and three column volumes of 
buffer C (8 M urea/0.1 M sodium phosphate/10 mM Tris/HCI, 
pH 6.3). The recombinant protein was eluted with buffer C 
containing 300 mM imidazole. 


Protein gel electrophoresis and stalning 


Proteins were separated by electrophoresis through SDS/poly- 
acrylamide gels (12.5 or 795) according to the procedure de- 
scribed in [24]. After staining with Coomassie Brilliant Blue, 
the amount of protein was estimated by comparison with known 
amounts of BSA analysed on the same gel. Alternatively, proteins 
were detected by reverse staining using imidazole-zinc salts 
according to [25]. 


Western-blot analysis 


After separation by SDS/PAGE, the proteins were electro- 
transfered to nitrocellulose BA83 (Schleicher and Schuell) or to 
PVDF membrane (Millipore). Polyclonal antibodies raised 
against the C-terminal region of TYMV 66K expressed in 
Escherichia coli as a fusion protein [26] were provided kindly by 
Dr K. Séron (Institut Jacques Monod, Paris, France) and were 
used at 1/500 dilution in PBS/59 dried skimmed milk/0.05 % 
Tween 20. Antibodies raised against phosphoserine, phospho- 
threonine and phosphotyrosine were obtained from Zymed and 
were used at 1/200, 1/200 and 1/400 dilutions, respectively, in 
10 mM Tris/HCl, pH 7.5/150 mM МаС1/6 % BSA. Monoclonal 
antibodies against ubiquitin conjugates (FK2) [27] were provided 
kindly by Dr R. Haguenauer-Tsapis (Institut Jacques Monod, 
Paris, France) and were used at 1/1000 dilution in PBS/5% 
dried skimmed milk/0.05 9 Tween 20. The blots were developed 
using alkaline phosphatase-conjugated secondary antibodies and 
Nitro Blue Tetrazolium/5-bromo-4-chloroindol-3-y! phosphate 
(NBT-BCIP) as substrates. 


Labelling in vivo 


Sf9 cells (2 x 10° cells in a 25-cm* culture flask) were infected with 
the recombinant baculovirus Bac8AF, and 24 h post-infection the 
growth medium was replaced with phosphate-free medium 
containing 25 uCi/ml of l'?Plorthophosphate (ICN). After a 
labelling period of 18 h, the cells were collected and washed with 
PBS. Total cell proteins were analysed by SDS/PAGE after lysis 
of 4 x 10* cells in SDS sample buffer. The remaining cells were 
used to purify the labelled His-66K protein under denaturing 
conditions as described above. 


Phospho amino acid analysis 


Phospho amino acid analysis was performed as described ın [28] 
after transfer of ??P-labelled purified His-66K to a PVDF 
membrane. The protein was subjected to hydrolysis in 200 ul of 
6 M HCI for 2h at 110?C, after which the supernatant was 
transferred to a new tube and lyophilized The pellet was dissolved 
in 3 wl of water containing 2 wg each of phosphoserine, phos- 
phothreonine and phosphotyrosine, and was spotted on to a 
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thin-layer cellulose plate (Kodak). The first-dimension ascending 
chromatography was carried out for 13 h in solvent A (isobutyric 
acid/0.5 M NH,OH, 5:3, v/v) followed by 6h of chroma- 
tography in the second dimension in solvent B (2-propanol/ 
HCI/H4O, 14:3:3, v/v) according to [29]. Phospho amino acids 
were visualized by spraying with ninhydrin (0.25%, w/v, in 
acetone) while radioactive molecules were revealed by auto- 
radiography. 


Protein phosphatase treatment 


Purified His-66K. protein (50 ng) was incubated with 400 and 800 
units of A protein phosphatase (New England Biolabs) as 
recommended by the supplier for 30 min at 30 °C. 


Trypsin digestion 


Purified His-66K protein (6 ug) was reduced by a treatment with 
10 mM dithiothreitol/0.] M NH,HCO, for 45 min at 56 °C, 
followed by alkylation with 55 mM iodoacetamide/0.1] M NH, 
HCO, for 30 min. After electrophoresis on a 7% SDS/poly- 
acrylamide gel and reverse staining, the bands containing the 
proteins of interest were excised from the gel, and rinsed twice in 
1 ml of 50 mM Tris, pH 8/0.3 M glycine/30 94 acetonitrile and 
twice ın water. Proteins were digested in-gel with sequencing- 
grade trypsin (Boehringer) according to published procedures 
[30]. The reaction was stopped by freezing the samples at —20 ^C. 
The supernatant containing tryptic peptides was collected for 
MS analysis. Further peptide extraction was also performed as 
described previously [30]. 


MS analysis 


The tryptic peptides were acidified with aqueous trifluoroacetic 
acid to a final concentration of 0.1 % and mixed with a saturated 
solution of 2,5-dihydroxybenzoic acid (Sigma) in 0.1% aqueous 
trifluoroacetic acid. The samples were then analysed by 
MALDI-TOF MS. Ionization was accomplished with a 337-nm 
beam from a nitrogen laser. Mass spectra of positive ions were 
recorded 1n reflectron mode with a single-stage reflectron mass 
spectrometer (Voyager Elite, PerSeptive Biosystems, Framing- 
ham, MA, U.S.A.) equipped with a delayed extraction device. 
Delayed extraction time was set at 100 ns. Typically, 200—250 
shots were averaged for each acquired spectrum. Internal cali- 
bration was performed using peptides generated by autopro- 
teolysis of trypsin and corresponding to the protonated peptides 
132-142, 56—75 and 76-85 with mono-isotopic mass-to-charge 
(m/z) ratios of 1153.57, 2163.06 and 2273.16, respectively. Only 
the mono-isotopic m/z ratio of the protonated peptides are given 
in the Results section. 


RESULTS 


Expression and purification of the TYMV 66K protein in insect 
cells 


In order to develop an m vitro system for analysis of the viral 
RdRp domain structure and function, the entire TYMV 66K 
protein was expressed in insect cells using a recombinant Auto- 
grapha californica nuclear polyhedrosis virus (AcNPV). For this 
purpose, two different recombinant baculoviruses were con- 
structed: Bacl7AE directs the expression of the TYMV 66K 
protein, hereafter called 66K, while Bac8AF allows the ex- 
pression of an extended version of this protein, hereafter called 
His-66K, bearing a hexa-histidine affinity tag at the N-terminus. 
This tag was designed to permit the rapid purification of the 
protein by affinity chromatography on immobilized metal [31]. S. 
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frugiperda (Sf9) lepidopteran cells were infected with the re- 
combinant baculoviruses Bacl7AE or Bac8AF, or a control 
recombinant baculovirus containing TYMV-unrelated sequences 
[23]. After incubation for 48 h at 28 °C, the total protein content 
of these cells was analysed by SDS/PAGE (12.5% gel). 
Coomassie Brilliant Blue staining of this gel (Figure 1A) revealed 
that a prominent band with a molecular mass of about 69 kDa 
was present in the protein extracts from Вас17АЕ- and Bac8AF- 
infected Sf cells (Figure 1A, lanes 2 and 3), but was absent from 
control extracts (Figure 1A, lane 1). These major proteins were 
confirmed as being the TYMV 66K protein and its tagged 
derivative by immunoblot analysis using an antiserum raised 
against a bacterial fusion protein containing the C-terminal part 
of the TYMV 66K protein (Figure 1B, lanes 1—3). In addition, a 
set of bands of lower molecular masses was also visible in the 
total protein extracts, that may correspond to degradation 
products of the TYMV 66K protein. 

Despite the fact that the His-66K protein synthesized in 
Bac8AF-infected insect cells appeared mostly insoluble, the use 
of strong denaturing agents coupled with affinity purification on 
Ni-NTA resin allowed the rapid purification of significant 
quantities of this protein. After purification, analysis by SDS/ 
PAGE and Coomassie Brilliant Blue staining, the protein was 
estimated to be more than 90% pure (Figure 1A, lane 4) Its 
identity was confirmed by 1mmunoblotting using the anti-66K 
antiserum (Figure 1B, lane 4). Since the putative degradation 
products were not retained on Ni-NTA resin, it is likely that the 
N-terminal hexa-histidine tag was absent from these species. 

When the protein extracts from Bacl7AE- and Bac8AF- 
infected cells were analysed on a 7% acrylamide gel, the 
prominent bands corresponding to 66K and His-66K, as well as 
the purified fraction of the latter, were resolved into two close 
bands of similar intensity (Figure 1C, lanes 2-4). Both bands 
were recognized equally by the anti-66K antiserum (Figure 1D, 
lanes 2-4). Because there are no otber in-frame initiation codons 
or suppressible stop codons in the surrounding sequences that 
would allow the expression of a protein product different from 
the genuine 66K protein, we speculated that the protein species 
with a shifted electrophoretic mobility may rather correspond to 
a post-translationally modified version of the TYMV 66K 
protein. 

The TYMV 66K amino acid sequence contains several po- 
tential N-glycosylation sites. We therefore investigated the effects 
of the fungal antibiotic tunicamycin, which inhibits an early step 
in the N-glycosylation of proteins, on the pattern of expression 
of His-66K in insect cells. We observed no change in the total 
amount of recombinant proteins produced, nor a shift in the 
migration of the proteins synthesized in the presence of tuni- 
camycin relative to the control samples (results not shown). 
Consequently, the TY MV 66K protein does not appear to be N- 
glycosylated in insect cells. 


Evidence for the phosphorylation of the TYMV 86K protein 


The phosphorylation status of the 66K protein was examined by 
labelling the Bac8AF-infected cells with [**Plorthophosphate for 
18h. Total protein extracts were analysed by SDS/PAGE 
(12.5% gel), and the labelled proteins were visualized by auto- 
radiography. A radioactive protein of apparent molecular mass 
69 kDa was detected in the Bac8AF-infected cell extracts (Figure 
2A, lane 2), which was absent in cells infected with the control 
baculovirus (Figure 2A, lane 1). This labelled protein 1s likely to 
correspond to the TYMV His-66K protein because ıt could be 
purified from the pool of proteins present in the metabolically 
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Figure 1 Expression and purification of TYMV 66K in baculovirus-infacted Insect cells 


Total proteins from contro! baculovirus-infected calls (lanes 1), Bac17AE-Infected cells (lanes 2), BacBAF-nfected calls (lanes 3), purified His-66K (lanes 4) and molecular-mass markers (lanes 
5) were analysed by SDS/PAGE on 125% {A and B) or 7% (C and D) gels The gels ware stained with Coomassie Brilliant Blue (A and C) or electroblotted on to a nitrocellulose filter that was 
revealed by Western blotting using the anti-66K antiserum (B and D) The positions of molecular-mass markers are indicated 








Figure 2 Phosphorylation of TYMV 86K protein expressed In baculovirus- 
Infected insect cells 


(A) Following metabolic labelling with [PJorthophosphate, total proteins from control 
baculovirus-intecied cells (lane 1), Bac8AF-intected cells (lane 2) and purthed His-66K (lane 3) 
were analysed by SDS/PAGE (125% gel) and revealed by autoradiography (B) Following 
Metabolic labelling with [?*PJorthophosphate, 50 and 150 ng of puntied His-66K protein (lanes 
1 and 2, respectively) were analysed by SDS/PAGE (7% gel) electroblotted on to a 
nitrocellulose filter and revealed by autoradiography (С) The same blot as in (B) was revealed 
by Western blotting using the ant-66K antiserum (0) Purified His-66K protein (50 ng) was 
treated with 400 and 800 units of protein phosphatase A (lanes 3 and 4, respectively). Lanes 
1 and 2 contain identical amounts of protein before or after incubation in the reaction buffer 
In the absence of phosphatase The proteins were then subjected to SDS/PAGE followed by 
immunoblotting with the ant-66K antiserum The positions of molecülar-mass markers are 
indicated 
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labelled cells by affinity chromatography on Ni-NTA resin under 
denaturing conditions (Figure 2À, lane 3). 

To investigate whether both bands of the doublet were similarly 
labelled, different amounts of the purified labelled His-66K 
protein were separated on a 7% acrylamide gel, followed by 
transfer to a nitrocellulose membrane The membrane was first 
subjected to autoradiography (Figure 2B), and was then probed 
with the antiserum raised against the 66K protein (Figure 2C) 
Careful alignment of the signal from the anti-66K antibody with 
the autoradiograph of the same blot revealed that most of the 
radioactivity was incorporated in the upper band of the doublet, 
which therefore corresponded to the phosphorylated form of the 
TYMYV 66K protein. Accordingly, treatment of purified His-66K 
protein with protein phosphatase A resulted in the disappearance 
of the shifted band (Figure 2D, lanes 3 and 4), whereas control 
incubation of the protein 1n the absence of phosphatase had no 
effect on its mobility (Figure 2D, lane 2). 

Taken together, these experiments demonstrate that the 
TYMV RdRp domain 1s produced in insect cells as a phos- 
phoprotein whose phosphorylation reduces its electrophoretic 
mobility in SDS/PAGE, resulting in an increased apparent 
molecular mass. 


Phosphorylation occurs on serine and threonine residues 


Determination of the amino acid residue subjected to phos- 
phorylation was performed by TLC. The ?*P metabolically 
labelled protein His-66K was purified, totally hydrolysed and the 
resulting phospho amino acids were mixed with standard phos- 
pho amino acids and subjected to two-dimensional TLC ac- 
cording to [29]. Figure 3(A) shows that a unique spot that co- 
migrated with phosphoserine and phosphothreonine species was 
detected after autoradiography of the TLC plate. 

Because these two species were resolved poorly, the identity of 


the amino acid subjected to phosphorylation was confirmed by . 


performing immunoblot experiments using antibodies directed 
against each phospho amino acid. Figure 3(B) shows that the 
upper band was recognized by the antisera directed against 
phosphoserine and phosphothreonine residues, whereas the band 
with the faster mobility was recognized by the antiserum raised 
against phosphoserine. This demonstrates that both serine and 
threonine residues are the target residues for phosphorylation of 
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Figure 3 TYMV 66K protein contains both phosphoserine and phospho- 
threonine reskiues 


(А) Purtfted ул vivo *"P-labelled His-66K was subjected to phospho amino acid analysis After 
hydrolysis of the protein wih 6 МОНО, the products were spotted together with standard 
phospho amino acids and subvacted to two-dimensional TLC The positions of standard phospho 
amino acid phosphoserine (P-Ser), phosphothreonine (P-Thr) and phosphotyrosine (P-Tyr), as 
revealed by ninhydrin reactions, are indicated by dotted circles First and second dimensions 
are indicated, as weil as the location of free phosphate (Pi) (B) Puntied His-66K protein was 
analysed by SDS/PAGE (7% gel) and was revealed by Western blotting using antibodies raised 
against phosphoserine (lane 2), phosphothreonine (fane 3) and phosphotyrosine (lane 4) Lane 
1 was revealed using ant-66K antibodies The positions of molecular-mass markers are 
indicated 


the TYMV 66K protein, and suggests that some serine phos- 
phorylation events may not affect the electrophoretic mobility of 
the protein. 


Mapping of the phosphorylated region 


To gain some insights into the identification of the phosphory- 
lated sites, we searched for phosphorylated tryptic peptides using 
MALDI-TOF MS. Purtfied His-66K was subjected to SDS/ 
PAGE, and after reverse staining, the two bands corresponding 
to the differently phosphorylated forms were excised from the gel 


x. and digested with trypsin. The generated peptides were submitted 


directly to peptide mass mapping using MALDI-TOF MS 
(results not shown). The molecular ions were assigned to amino 
acid sequences of the protein based on the His-66K sequence and 
cleavage specificity of trypsin. The identified peptides covered 
70-80 % of the His-66K protein sequence. 

Comparison of the mass spectra obtained for each band of the 
doublet revealed that two peptides clearly displayed a mass 
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Figure 4 Differential peptide mass mapping af the TYMV 68K lower and 
upper band tryptic digests: identification of two phosphorylated peptides 


Mass spectra obfained by MALDI-TOF MS in the mass range of 2700-3000 amu of 
the tryptic peptides generated from the His-G6K lower (A) and upper (B) band digestions The 
molecular tons were assigned to amino acid sequences of His-G6K protein according to 15 
sequence and the cleavage specificity of trypsin The amino acid sequences of the peptides 
corresponding to the molecular ions observed are indicated, as well as their corresponding 
sodium and potassium adducts (1м -+ Nay" and [M-rK]*) Amino acid residues were 
numbered according to the sequence of the native protein + НРО, indicates the addition of 
one phosphate group to sach peptide (mass increment of 80 amu) 


increment of 80 atomic mass units (a.m.u.) characteristic of the 
addition of a single phosphate group (Figure 4). The mass 
spectrum of the lower band tryptic digest (Figure 4A) revealed 
the presence of the non-phosphorylated forms of the peptides 
53—78 and 79—104 (experimental [M + H]* values of 2734.66 and 
2839.47 'a.m u. respectively), and their corresponding sodium 
and potassium adducts. In addition, a minor peak with an 
increase in mass of 80 corresponding to the mono-phosphorylated 
form of the peptide 79-104 was also observed (experimental 
[M -- H]* of 2919.41 a.m.u.). In the mass spectrum of the upper 
band digest (Figure 4B), this mono-phosphorylated form of the 
peptide 79-104 was still present, with a slightly increased 
intensity..Moreover, we also observed the mono-phosphorylated 
form of peptide 53—78 (experimental [M + H]* of 2814.5 a m.u.), 
which was more abundant than its non-phosphorylated form 
Both peptides are contiguous in the protein sequence and each 
encompass four. putative phosphorylation sites: Thr-64, Ser-69, 
Thr-70 and Ser-71 for peptide 53—78 and Ser-80, Ser-90, Ser-102 
and Thr-103 for peptide 79—104. 


Evidence for ubiquitinylation of the TYMV 66K protein 


Several of these putatively phosphorylated residues are contained 
within the longest sequence of contiguous PEST residues in the 
protein, which extends from amino acids 56 to 78 (see Discussion). 


© 2000 Biochemical Society 


422 F. Héricourt and others 








Figure 5 Evidence fer the presenca of TYMV ubiquitin-68K conjugates 


(A) Increasing amounts of purified His-66K protein (30, 150 and 500 ng In lanes 1, 2 and 3 
respectively) were analysed by SDS/PAGE (7% gel) and were revealed by Western blotting 
using the ant-66K antiserum (B) Total proteins from control baculovirus4nfected cells (lane 
1), Bac8AF-infected cells (kane 2) and punfied His-66K (lane 3) were analysed by SDS/PAGE 
(7% gel) and were revealed by Western blotting using the monoclonal antibody FK2 directed 
against ubiquitin conjugates The positon of the major His-66K doublet is indicated by 
arrowheads The positions of molecular-mass markers are indicated 


PEST-rich sequences are potential degradation signals through 
the ubiquitin/proteasome degradation pathway, and it has been 
reported that phosphorylation of serine or threonine residues can 
activate latent PEST sequences. This prompted us to examine 
whether we could observe ubiquitinylated forms of the 66K 
protein. 

On the conjugation of ubiquitin to a protein substrate, multiple 
bands are observed in SDS/PAGE, which consist of several 
molecules of ubiquitin linked to a single molecule of the protein 
When increasing amounts of His-66K protein were analysed by 
Western blotting using the anti-66K antiserum (Figure 5A), a set 
of larger products of discrete sizes was revealed, which appeared 
as a ladder of double bands. The size interval between each step 
of this ladder (~ 8 kDa) closely matches the molecular mass of 
ubiquitin, a result consistent with the formation of poly-ubiquitin 
conjugates 

To ensure that these higher-molecular-mass species were 
actually covalent complexes between the TYMV 66K protein 
and ubiquitin, we carried out a Western-blot analysis using a 
monoclonal antibody (FK2) specific for ubiquitin conjugates 
[27]. When total proteins from control baculovirus-infected insect 
cells were analysed with this antibody (Figure 5B, lane 1), a 
number of proteins were revealed, reflecting the variety of 
proteins that are ubiquitinylated in vivo. However, when 
total proteins from 8AF-infected cells or punfied His-66K 
protein were analysed similarly (Figure 5B, lanes 2 and 3), the 
same ladder of additional bands as observed in Figure 5(A) was 
specifically recognized by the FK2 monoclonal antibody. This 
recognition was specific because the excess amount of His-66K 
protein (indicated by arrowheads) gave only background signal. 
This demonstrates that the TYMV 66K protein 1s conjugated to 
ubiquitin in insect cells. 


DISCUSSION 


The high levels of expression that we obtained by using re- 
combinant baculovirus-insect cell system accomplishes the first 
step 1n developing a system for the study ın vitro of the TYMV 
RdRp. The observation that the purified protein appeared as a 
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double band with both bands of equivalent intensity, combined 
with the extensive documentation relative to the ability of the 
baculovirus expression system to perform the appropriate post- 
translational modifications to recombinant proteins [32] promp- 
ted us to study the TYMV His-66K. post-translational modifi- 
cations. Additional experiments are in progress to characterize 
its biochemical properties further. 

Our results demonstrate that the TYMV RdRp domain 
expressed in insect cells can be phosphorylated on both serine 
and threonine residues. This finding implies that phosphorylation 
may be involved in regulating the RNA polymerase activity of 
the TYMV 66K protein, as is the case with RNA polymerase 
II, whose processivity is regulated by such a post-translational 
modification of its C-terminal domain [33]. Interestingly, the 
RdRp domain of hepatitis C virus NS5B has also recently been 
Shown to be phosphorylated [34], but its phospho amino acid 
residues have not yet been characterized. In addition to the RNA 
polymerase activity, the TYMV 66K protein 1s likely to par- 
ticipate in numerous other activities and to interact with other 
viral or cellular proteins in order to accomplish template 
specificity, chain initiation, regulation of plus- and minus-strand 
synthesis or membrane association of the replication complex 
Conceivably, any of these additional activities or interactions 
could be affected by modifications of amino acid residues ın the 
RdRp. 

In order to determine what role phosphorylation of the 66K 
protein may have 1n TYMV replication functions, we were 
interested in defining more precisely the phosphorylated peptides. 
MALDI-TOF MS allowed the identification of two contiguous 
mono-phosphorylated tryptic peptides (amino acids 53-78 and 
79—104). Each of these two peptides contains four serine or 
threonine residues that may constitute possible phosphorylation 
sites. Analysis of kinase consensus recognition sites [35] revealed 
that Thr-70 and Ser-102 may constitute target sites for casein 
kinase П, whereas protem kinase C may use Ser-102 as a 
substrate More accurate characterization of phosphorylation 
sites requiring phosphopeptide purification and sequencing is the 
subject of further studies. 

It should be noted that the MALDI MS analysis does not 
allow quantification of the amount of peptides present within the 
mixture, because the intensity of the signal 1s highly dependent 
on the nature of the polypeptide and can be significantly affected 
by a single amino acid change [36]. In particular, it has been 
reported that phosphopeptides often yield poor response in 
MALDI MS in positive-ion mode compared with non-phos- 
phorylated peptides, most likely because of the negative charge 
of the phosphate group [37,38]. These differences in 10n detection, 
which prevent possible quantification of the corresponding 
biomolecules, are further increased 1n complex peptide mixtures 
such as those obtained by tryptic digestion, due to either 
a ‘suppression effect’ or low ionization efficiency [37,39] As a 
consequence, we cannot exclude the existence of other minor 
phosphorylated peptides that would have been undetected in the 
MALDI-TOF mass spectra of either band of the doublet, which 
may also contribute to the anti-phosphoserine and anti-phos- 
phothreonine antibodies’ reactivity. 

Some regions of the RdRp domain are highly conserved 
among plus-strand RNA viruses [40], but the identified phos- 
phorylated peptides are part of the N-terminal sequence, which 
is more divergent Amino acid sequence comparison among 
tymoviral RdRps (Figure 6A) revealed that none of the eight 
potential phosphorylated residues of TYMV 66K are present at 
conserved positions, with the exception of residue 80, which 
consists of either a serine or a threonine in all tymoviral sequences. 
Despite this lack of sequence conservation among tymoviral 
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EPMV 42 PS|ISSSPSSVDHLFPTPITS PAICH 106 
OY V 42 PSITVSTSSTSNSE- THAYL[GX[|S 105 
ELV 42 PSSSSFOPSDEPVPSDHT?7AV Е 106 
TYMV 42 TPPPVSTSVDPPQ-AKASPVIY|PIG Ei? 105 
KYMV 41 bor cl T T PVI[YIPIG EI 105 
PhMV 42 PSIDPTPBUPPPKEFAT SHA 107 
53-78 79-104 
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EPMV 42 RLEVLHLPPTRLPLELDLLPTVPSSSSFHSVDHLFPTPISPAICGYTFENLAAFFLPAHDPDLKE 106 
OTYTMV 42 RLTTLHLPPTRLPLIBFDLESCHPSTVSTSSTSNSE-VPFTHAFLGESFEELAAHFLPAHDPDLKE 105 
ELV 4a RLSVLHLPPTRMTL|lSISGDINITAPSSSSYQPSDEPVPSDHTAVYPGFDFFTLAAHFLPAHDPEVKE 106 
TYMYV 42 RLDTHFLPPSRLPLI|IRFDLPPAITPPPVSTSVDPPO-AK|SPVYPGEFFDSLAAFFLPAHDPSTRE 105 
KYMV 41 RLDTHFLPPTRLPLOQSELLPADLSQTTKPTDSFTNNTPPFTPVYPGENFENLAAFFLPAHDPELKE ,105 
PhMV 42a AWRPTHLPPTRLPLIE E WEFATPISHAYHGEYFDSLAAFFPLPAHDPTVKE +107 


Figure 8 Sequence alignment of tymoviros RdRps 





(A) The N-terminal region of tymovirus RdRp was aligned using the CLUSTAL W computer program Conserved amino acids are in bold type and highly conserved ones are boxed The identifed 
phosphorylated peptide sequences are underlined and the potential phosphorylation sites in TYMV 66K protein are indicated by arrows (В) The PEST sequences identified using the PEST-FIND 
computer program are shown іл bold type Boxed residues indicate PEST regions displaying high PEST scores [+ 2.8 for TYMV, +67 for ononts yellow mosalc virus (OYMV), +10 3 for erysimum 
latent virus (ELV) and +141 for physalis mottle virus (PhMV)], whereas non-boxed residues indicate PEST regions displaying poor PEST scores [ — 10 for kennedya yellow motte virus (КҮМҮ) 
and — 2 for eggplant mosaic virus (EPMV)]. Virus sequences (and accession numbers) used in the alignment were TYMV (P10358), kennedya yellow moitie virus (P36304), eggplant mosarc 
virus (P20126), ononis yellow mosaic virus (P20127), erysimum latent virus (P35928) and physalis mottle virus (CAA76071) The numbering refers to amino acid positions in the RdRp protein 


RdRps, we observed that the amino acid composition within the 
region comprising amino acids 56-84 was rather similar, and 
displayed a particular enrichment for proline, serine, threonine 
and acidic residues. This finding led us to the hypothesis that this 
portion of the protein may consist of a so-called PEST region 
[41]. Using the PEST-FIND computer program, amino acids 
56—78 within the TYMV 66K protein were indeed identified as 
being a putative PEST sequence (Figure 6B). Interestingly, PEST 
sequences were invariably identified in this particular region 
within the different tymoviral RdRp proteins (Figure 6B), 
although their PEST scores were highly variable (ranking from 
— 10 for kennedya yellow mottle virus RdRp to + 14 for physalis 
mottle virus RdRp). 

PEST sequences were first identified as signals for protein 
instability [42] but it is likely that they function indirectly in 
degradation. Many PEST sequences are conditional signals, 
serving principally as sites for phosphorylation, which is necess- 
ary for further ubiquitinylation and degradation of some proteins 
[43-45]. Based on these observations, we propose that phosphate 
addition to particular Ser and Thr residues in the N-terminal 
region of TYMV 66K. protein may serve for activating a latent 
PEST signal, thereby controlling the metabolic stability of 
the protein. In this respect, it should be noted that the TYMV 
66K. protein has been reported to be unstable when produced by 
translation in vitro m rabbit reticulocyte lysate, resulting in low 
and variable amounts of products [46]. A truncated protein of 
32 kDa comprising the first 240 amino acids behaved similarly 
[46], whereas an internal deletion of amino acids 72-209 that 
covers part of the proposed PEST sequence was found to 
stabilize the protein product [7]. The corresponding protein 
domains encoded by other tymoviruses were also postulated to 
be rapidly degraded in vitro [47]. These observations support the 
implication of the PEST region in proteolytic targeting and 
instability of the tymovirus RdRps. 

A considerable body of evidence supports the idea that PEST 
sequences target proteins for degradation by the ubiquitin/pro- 
teasome system. Ubiquitin is a 76-residue protein whose covalent 


conjugation to lysine residues of other protein substrates is a 
common means by which eukaryotic cells signal their subsequent 
degradation by the 26S proteasome, a multiprotease complex 
(reviewed in [48]. Using monoclonal antibodies specific for 
ubiquitin conjugates, we were able to demonstrate that the 
TYMYV 66K. protein is conjugated to ubiquitin molecules when 
expressed in insect cells. These data provide a first step towards 
proving the involvement of the ubiquitin/proteasome system in 
TYMYV 66K protein processing. Because the ubiquitin conjugates 
appeared as clearly resolved doublets, they provide evidence that 
the two forms of 66K can be ubiquitinylated, regardless of the 
difference in their phosphorylation status. Attempts to identify 
the ubiquitinylation site(s) by an MS approach have been 
unsuccessful so far, and therefore directed mutagenesis of lysine 
residues thought to be implicated in ubiquitin conjugation is the 
subject of further experiments. 

Ubiquitinylation of recombinant protems produced in the 
baculovirus-insect cell system has been described previously in a 
few cases [49,50]. The ubiquitin-dependent proteolysis pathway 
was reported to be functional in baculovirus-infected insect cells 
up to ғ 24h post-infection [50], the lack of ATP in the later 
stages of infection rendering it non-functional, which may explain 
our capability of observing stable ubiquitin-66K. conjugates. 
Because some of the components of the ubiquitin/proteasome 
pathway have been characterized in plants (reviewed in [51]), it 
is tempting to speculate on the formation of poly-ubiquitin-66K. 
conjugates 1n virus-infected plant cells, whose degradation may 
relate to the extremely low levels of 66K. protein present during 
infection. Further studies are required to elucidate whether this 
is indeed the case. 

Interestingly, the involvement of the ubiquitin proteolytic 
pathway has already been suggested regarding another member 
of the 'alpha-like' viral super-group: the Sindbis virus RdRp 
nsP4 protein [52]. It is produced by an endoproteolytic cleavage 
of the viral precursor polyprotein and, as with other alphavirus 
RdRps, ıt bears an N-terminal Tyr residue [53]. It has been 
reported that, both in vitro and гл vivo, Sindbis nsP4 is degraded 
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by the ubiquitin-dependent N-end rule pathway [54], a rule that 
relates the in vivo half-life of a protein to the identity of its N- 
terminal residue [55]. 

Indirect evidence therefore suggests that selective degradation 
of viral proteins by the ubiquitin-dependent proteolytic pathway 
may be a common feature of alpha-like viral RdRps Whether 
this reflects a strategy by which the virus regulates the intracellular 
levels of mature cleavage products or a host defence mechanism 
aimed at the elimination of viral proteins will be the subject of 
further studies. 
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Interferons activate the p42/44 mitogen-activated protein kinase and 
JAK-STAT (Janus kinase-signal transducer and activator transcription factor) 
signalling pathways in hepatocytes: differential regulation by acute ethanol 
via a protein kinase C-dependent mechanism 


Van-Anh T. NGUYEN, Jianping CHEN, Feng HONG, Edward J. N. ISHAC, and Bin GAO’ 
Department of Pharmacology and Toxicology, Medical College of Virginia, Virginia Commonwealth University, Richmond, VÀ 23298, USA 


Interferons (IFNs) have been used in the treatment of viral 
hepatitis. However, their effectiveness is much reduced ( « 10%) 
in alcoholics. The mechanism underlying this resistance re- 
mains unknown. Here, we report that IFN-a/f and IFN-y 
rapidly activate the JAK-STAT1 (Janus kinase-signal transducer 
and activator transcription factor 1).and p42/44 mitogen-activated 
protein kinase (p42/44 MAPK) in freshly isolated rat hepato- 
cytes. Treatment of hepatocytes with 25-100 mM ethanol for 
30 min inhibited IFN-£- or IFN-y-induced STATI activation 
and tyrosine phosphorylation. The inhibitory effect of ethanol 
was not reversed by pretreatment with either sodium vanadate, a 
non-selective tyrosine phosphatase inhibitor, or with MG132, 
a specific proteasome inhibitor. This suggests that protein 
tyrosine phosphatases or the ubiquitin-proteasome pathway are 


not involved in the inhibitory action of ethanol. In contrast with 
the JAK-STAT signalling pathway, acute ethanol exposure 
significantly potentiated IFN-f or IFN-y-induced activation of 
p42/44 MAPK, and caused marked activation of protein kinase 
C (PKC). Inhibition of PKC partially antagonized ethanol 
attenuation of IFN-induced STATI activation, suggesting that 
PKC may be involved. Taken together, these findings suggest 
that the ability of biologically relevant concentrations of ethanol 
(less than 100 mM) to markedly inhibit IFN-activated STATI 1s 
one of the cellular mechanisms responsible for the observed 
resistance of IFN therapy in alcoholics. 


Key words: interleukin-6, proteasome, protein-tyrosine phos- 
phatase, tyrosine phosphorylation, viral hepatitis. 





INTRODUCTION 


Type I (predominantly a/f) and type-II. (y) interferons (IFNs) 
were first identified as inducible secretory proteins with antiviral 
and antitumor activities, and now have been used in the treatment 
of a wide variety of diseases [1], including various liver diseases 
[2-8]. For example, IFN-a/f# and IFN-y have been used in the 
treatment for viral hepatitis and liver fibrosis [2-8]. The primary 
form of treatment for viral hepatitis is interferon therapy alone 
or in combination with Ribavirin. Such therapy can reduce 
elevated serum alanine transferase levels, eluminate serum virus 
RNA and improve liver histology [2-8]. Unfortunately, however, 
less than 10% of alcoholics are responsive to IFN therapy 
[9-12]. 

Type I (predominantly a/f) and type II (y) IFNs signal 
through distinct but related pathways via binding to type I and 
type II receptors respectively. The binding of IFNs to their 
receptors activates the receptor-associated tyrosine kinases 
[JAKI and TyK2 associate with the two chains of IFN- 
a / f receptor, JAK1 (Janus kinase 1) and JAK2 with the IFN-y 
receptor chains]. This receptor—kinase complex interacts with, 
and activates, the SH2-containing cytoplasmic STATS (signal 
transducer and activator transcription factors) IFN-a/f acti- 
vates STATI, STAT2 or STAT3, IFN-y activates STATI, 
STAT3 or STATS, depending on cell type). Activated STAT 
proteins then form homo- or hetero-complexes that translocate 
to the nucleus to activate the transcription of many target genes 
(reviewed 1n [13—15]). In addition to the JAK-STAT signalling 


pathway, IFNs also activate p42/44 mitogen-activated protein 
kinase (p42/44 MAPK) [16-18] and insulin receptor substrate-1 
(IRS1) [19,20]. The role of IFN-activated STATI in antiviral 
and antitumour activities is clearly demonstrated in STATI 
knockout mice [21,22]. In these mice, IFN signalling is defective 
and the innate response to viral or bacterial infection is absent. 
Furthermore, STAT 1-deficient mice as well as IFN-y-deficient 
mice have a higher incidence of tumours [21,22]. However, the 
roles of p42/44 MAPK and IRSI in the function of IFNs are not 
clear. 

Although IFNs have been widely used in the treatment of liver 
diseases, the IFN signalling pathway in the liver and the 
mechanisms for unresponsiveness to IFNs in alcoholics remain 
unknown. In the present study we demonstrate that IFNs 
activated both p42/44 MAPK and JAK-STAT signalling path- 
ways in freshly isolated hepatocytes. These signalling pathways 
are differentially regulated by acute ethanol treatment. The 
ability of biologically relevant concentrations (less than 100 mM) 
of ethanol to inhibit IFN-activated STAT1 may, at least in part, 
account for the observed resistance of IFN therapy in alcoholic 
patients [9—12]. 


MATERIALS AND METHODS 
Materials 


STATI, STAT3, and STATS antibodies were purchased from 
Upstate Biotechnology (Lake Placid, NY, U.S.A.). Anti- 


Abbreviations used: JAK-STAT, Janus kinase-signal transducer and activator transcnption factor, p42/44 MAPK, p42/44 mitogen-activated protein 
kinase, PKB/Akt, protein kinase B, IFN, interferon; IL-6, interleukin-6, IRS1, Insulln receptor substrate-1, JNK, c-Jun N-terminal kinase, РКС, 


protein kinase C; DMSA, DNA gel-mobility-shift assay, SH, Src homology 
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phospho-STAT! (Тутг”"!), anti-phospho-p42/44 MAPK (Tyr?™), 
anti-[phospho-c-Jun N-terminal kinase (JNK)] (Thr!93/ 
Tyr?*5), anti-phospho-Akt (Ser*’*) antibodies were obtained from 
Bio-lab (Beverly, MA, U.S.A.). The following reagents were 
purchased from Sigma Chemicals (St. Louis, MO, О.8.А.): 
ethanol, collagenase type IV, sodium vanadate, Nonidet P40. 
GF- 109203X, and MG132 were obtained from Calbiochem (San 
Diego, CA, US A). IFN-a, IFN-f and IFN-y were purchased 
from Bioscience International (Camarillo, CA, U.S.A.). Radio- 
labelled [y-**PJATP was purchased from DuPont NEN (Boston, 
MA, U S A). 


Isolation of hepatocytes 


Liver cells were isolated by a collagenase-perfusion protocol as 
described previously [23]. Isolated cells were washed twice and 
resuspended in Krebs-Henseleit solution (118 mM . NaCI/ 
4 7 mM KCI/1 2 mM MgSO,/2.5 mM CaCI,/1.2 mM KH,PO,/ 
25 mM NaHCO,/10 mM glucose) containing 1.5% gelatin, and 
were further treated with drugs and/or ethanol and/or IFN. 


DNA gel-mobllity-shift assay (DMSA) 


DMSA for STAT binding was described previously [24,25] The 
STAT binding site of oligo m67 (the high-affinity serum-inducible 
element m67) (5'-GTCGACATTTCCCGTAAATCGTCGA-3^ 
was used as a probe. 


Western-blot analysis 


Western-blot analysis was described previously [23] Hepatocytes 
were re-suspended in lysis buffer [30 mM Tris (pH 7.5)/150 mM 
NaCl/1mM PMSF/1mM Na,VO,/1% Nonidet P40/10% 
glycerol] and then centrifuged for 10 min at 4°C. The protein 
concentration of the supernatant (protein fraction) was calculated 
using the Bio-Rad protein assay. An aliquot of 40 ug of protein 
was mixed with an equivalent volume of 2x protein loading 
buffer, pH 74, containing f-mercaptoethanol and boiled for 
5 min before loading on to ап SDS/8%-polyacrylamide gel. 
After electrophoresis, proteins were transferred on to nitro- 
cellulose membranes and blotted against primary antibodies. 
Membranes were washed with TPBS (0.05% Tween 20 in PBS, 
pH 7.4) and incubated with a 1:4000 dilution of horseradish 
peroxidase-conjugated secondary antibodies for 45 min. Protein 
bands were revealed by an enhanced-chemiluminescence (ЕСІ) 
reaction (Amersham Pharmacia Biotech, Piscataway, NJ, 
О.8.А.). 


Р42/44 МАРК, JNK and protein kinase В (PKB/Akt) 
phosphorylation 


P42/44 MAPK, JNK, and PKB/Akt phosphorylation were 
detected by Western-blot analysis using specific anti-phospho- 
p42/44 MAPK (Tyr™), anti-phospho-JNK (Thr? /Туг!8%), and 
anti-phospho-PK B/Akt (Ser) antibodies respectively. 


Protein kinase C (PKC) assay 


PKC activity was determined by measuring the transfer of **P 
from [y-""PJATP to histone Ш$ as described previously [26]. 
Briefly, the reaction was initiated by the addition of 50.ug of 
protein from the cytosol or membrane fraction to a reaction 
mixture (0.25 ml volume) containing 20 mM Tris/HCl, 0.75 mM 
CaCl, 20 mM magnesium acetate, 5 ug of leupeptin, 100 ug of 
histone Шз, 100 4M (60 c.p.m./pmol) [y-**PJATP at pH 7.5, 1n 
the absence or presence of 25 ug of phosphatidylserine (PKC 


© 2000 Biochemical Society 


cofactor) and 1 ug of diacylglycerol (PKC activator). Samples 
were incubated for 5 minat 31 °C and the reaction was terminated 
by the addition of 1 ml of 25 % (v/v) trichloroacetic acid. Tubes 
were centrifuged at 5000 g for 15 min and the pellet washed three 
times with 4 ml of cold trichloroacetic acid (10 95, v/v). Precipi- 
tates were solubilized with 0.5 ml of 2M NaOH and trans- 
ferred to vials for liquid-scintillanon counting. PKC activity 
was calculated by subtracting the amount of **P incorporated in 
the absence of phospholipids (non-PK C) from the amount of **P 
incorporated in the presence of phospholipids, and this was 
expressed as pmol of ?*P incorporated into histone III/min per 
mg of protein at 31 °C. Enzyme activity was observed to be linear 
upto 15 min The cytosol and membrane fractions were prepared 
as described previously [26]. Briefly, hepatocytes were resus- 
pended in I ml of homogenization buffer A (20mM Tns/ 
HCI/330mM зисгоѕе/2 mM  EDTA/0.5 mM EGTA/2 mM 
PMSF, pH 7.5), homogenized with 30 strokes on ice and then 
centrifuged at 100000 g for 1 h The supernatant was used as the 
cytosol fraction. The remaining pellet was resuspended ın 1 ml of 
buffer A containing 1 95 Nonidet P40 and homogenized for ten 
strokes, incubated on ice for 30 min and then centrifuged at 
100000 g for 15 min The supernatant was used as the membrane 
fraction. 


RESULTS 


IFN-«, IFN-8 and IFN-» activate the JAK-STAT1 signalling 
pathway In freshly isolated hepatocytes 


As shown in Figure КА), exposure of freshly isolated hepatocytes 
to IFN-a, IFN-£, or IFN-y for 20—50 min led to a significant 
increase in STAT binding to the specific m67 oligonucleotide 
probe (lanes 1-4, lanes 5-8 and lanes 9-12). To identify the 
STAT protein that was involved, a DNA gel supershift assay was 
performed (Figure 1B). As shown in Figure 1(B), STATI 
antibody, but not STAT3 or STATS antibody, was able to 
supershift the IFN-f-activated complex. Similar results were 
obtained with IFN-y-activated complex (results not shown). 
These findings suggest that IFNs activate only STATI, but not 
STAT3 or STATS, in primary rat hepatocytes. Moreover, 
Western-blotting analysis ın Figure 1(C) showed that IFN-f or 
IFN-y activated STATI, but not STATS, tyrosine phosphoryl- 
ation, while interleukin-6 (IL-6) induced both STAT! and STAT3 
tyrosine phosphorylation (lane 4). Furthermore, IFN-«, IFN-f 
and IFN-y also activated STATI in human hepatocellular 
carcinoma HepG2 cells (results not shown). These findings 
indicate that JFN-a, IFN-f and IFN-y activate the JAK-STAT1 
signalling pathway in freshly isolated hepatocytes and HepG2 
cells. Since IFN-« and IFN-f both act on the similar type I 
receptor [13—15], we only studied the effects of ethanol on one of 
the representative IFN-f signalling pathways described in the 
present paper. 


Effects of IFN-«, IFN-£, and IFN-» on p42/44 MAPK, PKB/Akt 
and p46/54 JNK In freshly Isolated hepatocytes 


As shown in Figure 2(A), treatment of freshly isolated hepato- 
cytes with either IFN-« or IFN- rapidly activated p42/44 
МАРК, the peak effect occurring at 10 and 20 min respectively, 
and declined towards control levels after 60 min exposure. IFN- 
y treatment also activated p42/44 MAPK in hepatocytes, with 
the peak activation at 5 min and declining towards control levels 
after 20 min treatment. Interestingly, upon IFN-y incubation for 
60 min, p42/44 MAPK phosphorylation increased again. Ac- 
tivation of p42/44 МАРК by IFN-«/f or IFN-y was also 
observed in HepG2 cells (results not shown). Positive control 
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Figure 1 {FNs activate STAT1 in primary hepatocytes 


(A) Freshly isolated hepatocytes were incubated with IFN- (250 units/ml), IFN- (250 
units/ml) or IFN- (10 ng/ml) for vanous time penods as indicated Whole-cell extracts were 
prepared and DMSA was performed using the m67 probs, as described in the Matenals and 
methods sechon (B) Hepatocytes were stimulated with IFN-& (250 units/ml) for 30 min. 
Wnhote-cell extracts were incubated with various STAT antibodies as indicated and subjected to 
a supershift assay (С) Hepatocytes were stimulated with IFN-/ (‘INF-8") (250 unrts/ml), IFN- 
y CINF-y (10 ng/ml) or IL-6 (20 ng/ml) for 30 min Whole-cell extracts were subjected to 
DMSA to examine STAT binding or Westem-blotting analysis using ant-phosphotyrosine 
STAT! (Tyr?) or ant-phosphotyrosine STAT3 (Tyr™) An autoradiogram representative of 
three independent experiments is shown in each panel 





Figure 2 Effects of IFNs оп p42/44 MAPK, PKB/Akt and JNK In primary . 


hepatocytes 


Freshly isolated hepatocytes were incubated with IFN-a (250 units/ml), IFN- 2 (250 units/ml) 
or IFN-y (10 ng/ml) for various time periods as indicated Whole-cell extracts were subjected 
to Western-blotting analysis using ant-phospho-p42/44 MAPK, antrphospho-JNK or anti- 
phospho-PKB/Akt antibodies as indicated Hepatocytes were stimulated with EGF (10 п/п), 
tumour necrosis factor-a (20 ng/ml) and phenyiephnne (10 M) for 10 min as positive 
controls for p42/44 MAPK, JNK and PKB/Axt respectively An autoradiogram representative of 
three independent experiments is shown in each panel 


activation of p42/44 MAPK by epidermal growth factor (EGF) 
was 5-fold stronger than that observed with IFN. 

Effects of IFNs on PK B/Akt and JNK were also examined. As 
shown in Figure 2, neither IFN-«, nor IFN- and IFN-y, 
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Figure 3 Acute ethanol Inhibits IFN-induced STAT1 binding and tyrosine 
phosphorylation 


(A) Freshly isolated rat hepatocytes were incubated with 100 mM ethanol or buffer for 30 min, 
then stimulated with IFN- (250 units/ml} or IFN-y (10 ng/ml) for vanous time penods as 
indicated (В) Freshly isolated hepatocytes were incubated with varlous concentrations of 
ethanol for 30 min, followed by a 30 min stimulation with IFN-8 (250 units/ml} or IFN-y 
(10 ng/ml) In (A) and (B), after treatment, whole-cell extracts were prepared and subjected to 
DMSA to examine STAT binding or Western-blotting analysis using ant-phosphatyrosine STATT 
(Ty or anteSTAT! antibodies An autoradiogram representative of three independent 
expenments is shown in each panel 
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Figure 4 Acute ethanol potentiates IFN-activated p42/44 МАРК 


Freshly isolated rat hepatocytes were pretreated with various concentratrons of ethanol, followed 
by a 10 min shmulabon with buffer, ТЕМ- (250 units/ml) or IFN-y (10 ng/ml) Whole-cell 
extracts were then subjected to Western-blotting analysis using ап anti-phospho-p42/44 МАРК 
antibody The autoradiograms shown are representative of three independent experiments 


activated p46/54 JNK, whereas positive control tumour necrosis 
factor-a significantly activated this kinase. IFN-f or IFN-y, but 
not IFN-«, also slightly activated PKB/Akt in primary hepato- 
cytes. Positive control phenylephrine markedly stimulated this 
kinase. Since IFNs did not significantly activate JNK and weakly 
activated PK B/Akt, effects of ethanol on these two kinases were 
not further studied here. 
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Figure 5 Evidence for the involvement of PKC in ethanol suppression of IFN-Induced STAT 


(A) Freshly isolated rat hepatocytes were incubated with 50 uM PD98059 (PD), 2 uM GF109203X (GFX), 1 «М sphingesine (Sph) or 05 М chelerythrine (Chel) for 30 min, then with 100 mM 
athano! for 30 min, followed by a 30 min stimulation with IFN-y (10 ng/ml) for 30 mun. Cell extracts were then subjected io DMSA to detect STATI binding or Western-blot analysts using атк 
phospho-STAT1 (Туг) or anti-STAT1 antibodies. (B) In left panel, freshly isolated rat hepatocytes were incubated with PMA (0 5—10 4M) for 30 min, followed by a 30 min stimulation with IFNy 
(10 ng/ml) !n the ngh panel, freshly isolated hepatocytes were incubated with 2 4M GF109203X for 30 min, then with 05 uM PMA for 30 min, followed by a 30-min stimulation with 
IFNy (10 ng/ml) Cell extracts in both left and night panels were subjected to DMSA to detect STATI binding (A) and (B) are representatrve of three to seven independent experiments. (C). The 
autoradiograms were quantified by phosphonmaging from (A) and (B) Values shown are means -+ SEM for three to seven independent experiments, expressed as fold changes over control 
(D) Freshly isolated hepatocytes were incubated with 100 mM ethanol for various time periods as indicated or with 1 4M PMA for 10 min Cytosol and membrane protein fractions were prepared 
and subjected to tha PKC assay described in the Matenals and methods section 
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Figure 6 Tyrosine phosphatases and the ublquitin—proteasome pathway 
аге not Involved m ethanol suppression of IFN-induced STAT1 activation 


Freshly isolated rat hepatocytes were pretreated with buffer, sodium vanadate (02 mM) or 
proteasome inhibitor (50 4M MG132) for 30 min, followed by incubation with or without 
100 mM ethanol for 30 min, and then stimulated with 250 units/ml IFN-£ (A) or 10 ng/ml IFN- 
у (В) for 30 min DMSA was parformed using the m67 probe An autoradiogram representative 
of three independent experiments is shown in each panel 


Acute ethanol Inhibits IFN-f- or IFN-y-induced STAT1 activation 
and tyrosine phosphorylation 


To examine the effects of ethanol on IFN-induced STATI! 
activation, freshly isolated bepatocytes were incubated with 
100 mM ethanol for 30 min, followed by stimulation with IFNs 
for various time periods As shown in Figure 3(A), 100 mM 
ethanol almost completely abolished IFN-f- or IFN-y-induced 
STATI binding to the m67 probe. Furthermore, IFN-f- or IFN- 
y-induced STATI activation was inhibited by a 30 min pre- 
treatment with ethanol in a concentration-dependent manner, 
with inhibition evident at 25mM and complete inhibition at 
100 mM ethanol (Figure 3B). 

To examine whether rapid inhibition of IFN-# or IFN-y- 
induced STATI activation by ethanol was due to suppression of 
STATI tyrosine phosphorylation, Western-blot analysis was 
performed using an anti-phospho-STAT|] (Tyr?) antibody. As 
shown in Figure 3(A), it was observed that either IFN-£ or IFN- 
y induced significant STATI tyrosine phosphorylation, and 
pretreatment of hepatocytes with 100 mM ethanol for 30 min 
abolished this activation. Ethanol inhibition. of IFN-induced 
STATI tyrosine phosphorylation was also concentration-de- 
pendent, with inhibition evident at 25 mM (Figure 3B). Ethanol 
alone did not affect basal STATI tyrosine phosphorylation 
(results not shown). As illustrated in the bottom panels of 
Figures 3(À) and 3(B), the same ethanol treatment did not 
significantly affect the cellular level of the STATI protein 
expression. These findings suggest that acute exposure of hepato- 
cytes to biologically relevant concentrations of ethanol markedly 
inhibits IFN-activated STATI. The inhibitory effect of ethanol 
on IFN-activated STATI is not non-specific, since the same 
ethanol treatment potentiated IFN-activated p42/44 MAPK (see 
below). 


Acute ethanol potentiates IFN-f- and IFN-y-activated p42/44 
MAPK 


Effect of ethanol on p42/44 MAPK was examined. As shown in 
Figure 4(A), exposure of primary hepatocytes to various concen- 
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trations of ethanol for 30 min did not significantly affect the 
basal levels of p42/44 MAPK (top panel), but significantly 
potentiated IFN-f- and IFN-y-activated p42/44 MAPK. Ac- 
tivation was most evident at 50-75 mM ethanol. 


Activation of РКС Is partially Involved in ethanol inhibition of IFN- 
activated STATI 


Activation of PKC has been proposed to mediate several effects 
of ethanol, such as potentiation of p42/44 MAPK [27] or 
desensitization of receptor-mediated phospholipase C activation 
[28]. To test whether activation of PKC was involved in ethanol 
inhibition of IFN-activated STATI, a highly specific PKC 
inhibitor, GF109203X, was used. As shown in Figure 5(A), 
blocking PKC activation with 2 4M GF109203X partially pre- 
vented ethanol inhibition of IFN-y-induced STATI. In this 
experiment, as well as seven replicate experiments with similar 
results, GF109203X partially (30%) antagonized ethanol sup- 
pression of IFN-y-activated STATI (Figure 5C). Other PKC 
inhibitors, such as sphingosine and chelerythrine, also partially 
antagonized ethanol suppression of IFN-y-activated STATI 
(Figure 5A). Similar experiments with [FN-«/f and IL-6 were 
conducted and suggest that PKC 1s also partially involved in 
ethanol inhibition of IL-6-activated STAT3 and IFN-a/f- 
activated STATI (results not shown). Moreover, PD98059, a 
specific MEKLI inhibitor, also partially reversed ethanol in- 
hibition of IFN-activated STATI (Figure SA), suggesting that 
activation of p42/44 MAPK is partially involved. 

To examine further the role of PKC in ethanol suppression of 
STAT activation, two experiments were carried out. First, we 
investigated whether the PKC activator PMA was able to inhibit 
STAT activation induced by either IFNs or IL-6. As shown in 
Figures 5(B) and 5(C), pretreatment of primary hepatoctyes with 
0.5 to 10.0 uM PMA significantly inhibited IFN-y-activated 
STATI binding and tyrosine phosphorylation. GF109203X, a 
highly selective PKC inhibitor, completely abolished PMA 
inhibition of STAT activation (Figures 5B and 5C). Similar 
experiments with IFN-«/f# and IL-6 demonstrated that PMA 
attenuated IL-G-activated STAT3 and IFN-a/f-activated 
STATI (results not shown). 

Secondly, we examined whether ethanol was able to induce 
PKC activation and membrane translocation. Freshly isolated 
hepatocytes were incubated with 100mM ethanol for various 
time periods. Cytosol and membrane fractions of cell lysates 
were prepared and examined for PKC enzymic activity. In- 
cubation of freshly isolated hepaotcytes with ethanol decreased 
PKC activity in the cytosol fraction and increased it in the 
membrane fraction (Figure 5D), suggesting that ethanol stimu- 
lates PKC translocation from cytosol to membrane after ac- 
tivation. Western-blotting analysis also showed that acute ex- 
posure of freshly isolated hepatocyte to ethanol slightly caused 
PKCa and PKC! protein translocation from cytosol to mem- 
brane (results not shown), further supporting the notion that 
acute ethanol exposure slightly activates PKC. 


Tyrosine phosphatases and the ublquintin—proteasome pathway 
are not Involved in ethanol suppression of IFN-induced STAT1 
activation 


The data from Figure 5 demonstrated that GF109203X com- 
pletely antagonized PMA inhibition of STAT activation, but 
only partially (30%) attenuated ethanol inhibition of STAT 
activation. This suggested that PKC could not fully explain the 
inhibitory action of ethanol. Thus the next obvious question was 
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what other mechanisms are involved in ethanol suppression of 
STAT activation. Both tyrosine phosphatases and the ubiquitin- 
proteasome pathway have been implicated in inactivation of the 
JAK-STAT signalling pathway (reviewed їп [29-31]; we won- 
dered whether these pathways were involved 1n ethanol inhibition 
of IFN-activated STATI. To test these possibilities, the non- 
selective tyrosine phosphatase inhibitor sodium orthovanadate 
and the specific proteasome inhibitor MG132 were used. As 
shown in Figures 6(A) and 6(B), neither sodium orthovanadate 
nor MG132 pretreatment antagonized ethanol suppression of 
IFN-£- or IFN-y-activated STAT], while the same treatment 
markedly reversed IL-18 suppression of IFN-a-activated STATI 
(X. Shen, Z. Tian, and B. Gao, unpublished work). This suggests 
that both tyrosine phosphatases and the proteasome-dependent 
pathway are not involved in ethanol suppression of IFN-induced 
STATI activation 


DISCUSSION 


IFNs have been shown to activate various signalling pathways п 
many cell types [13—15], but their signalling pathways in primary 
hepatocytes have not been explored. Here we demonstrate that 
both IFN-«/ and IFN-y are able to activate the JAK-STATI, 
p42/44 MAPK, and PKB/Akt in rat primary hepatocytes. IFN- 
y has been shown to activate specific STATI, STAT3 
and STATS in certain cell types. For example, IFN-y activates 
only STATI in some cell types [32,33], both STATI and STAT3 
in adipocytes [34], and only STATS in U937 cells [35]. Here we 
show that IFN-y and IFN-Z activate only STATI in rat primary 
hepatocytes (Figure 1). The inability of IFNs to activate STAT3 
and STATS in hepatocytes could be due to difference in the 
receptor expression, binding affinities, the presence or absence of 
other signalling proteins, or STAT dimer composition. 

It has been reported that IFNs are able to activate the p42/44 
MAPK signalling pathway 1n certain cells, and here we dem- 
onstrate that both IFN-«/f and IFN-y activate p42/44 MAPK, 
but not JNK, in primary hepatocytes (Figure 2) and in human 
hepatoma HepG2 cells (results not shown) Compared with 
EGF, ІЕМ are weak activators of p42/44 MAPK, as shown in 
Figure 2, where EGF activation of p42/44 MAPK was 5-fold 
stronger than IFN. The connection between the JAK-STATI 
and the p42/44 MAPK signalling pathways is not clear It has 
been shown that activation of p42/44 MAPK can specifically 
phosphorylate STAT3 on Ser”? in response to growth factor [36] 
and negatively regulate STAT3 activation [24,37] However, 
STAT] appears to be a poor substrate for all MAPK superfamily 
members [36], and the kinase responsible for STATI Ser??? 
phosphorylation has not been identified. Here we demonstrated 
that blocking p42/44 MAPK activation by PD98059 slightly 
potentiated IFN-y-induced STATI binding and STATI Tyr^?! 
phosphorylation (Figure 5), suggesting that activation of p42/44 
MAPK may antagonize IFN-y-induced STATI activation. The 
role of p42/44 MAPK in the inactivation of STATS is not clear 
and requires further studies 

An interesting finding in the present study ıs that, in freshly 
isolated rat hepatocytes, biologically relevant concentrations 
(less than 100 mM) of ethanol rapidly and dose-dependently 
inhibited IFN-£- or IFN-y-induced activation of STATI, but 
also potentiated IFN-f or IFN-y-induced activation of p42/44 
MAPK. Three lines of evidence suggest that activation of PKC 
is 1nvolved in this event. First, the specific PKC inhibitor 
GF109203X caused marked attenuation of ethanol suppression 
of IFN-induced STATI activation (Figures 5A and 5C). Sec- 
ondly, activation of PKC by PMA blocked IFN-induced STATI 
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Figure 7 Model for ethanol suppression of IFN-induced STAT1 activation 


IFN activates both p42/44 MAPK and STAT1 signalling pathways in primary hepatocytes, and 
activation of p42/44 MAPK negatively regulates STATT activabon Acute exposure of 
hepatocytes to ethanol induces а rapid rise in cytosolic Ca?* [28] and a consequent activation 
of PKC. Activated PKC can directly attenuate IFN-achvated STATI or indirectly inhibit it by 
potentiation of IFN-achvated p42/44 MAPK Other unknown mechanisms (?) may also be 
involved in ethanol suppression of iFN-activated STATT in freshly Isolated hepatocytes 


activation (Figures 5B and 5C). Thirdly, acute ethanol treatment 
caused rapid and marked activation of PKC in primary hepato- 
cytes (Figure 5D). Furthermore, Figures 5(A) and 5(C) showed 
that inhibition of p42/44 MAPK activation by PD 98059 only 
slightly potentiated IFN-activated STAT! and partially 
antagonized ethanol inhibition of IFN-activated STATI. This 
suggested that p42/44 MAPK may also be involved in the 
inhibitory effect of ethanol on STAT activation. 

Interestingly, our (J. Chen and B. Gao) unpublished work 
demonstrated that biologically relevant concentrations of ethanol 
attenuated STAT activation in freshly isolated hepatocytes, but 
not ın cultured hepatocytes or hepatocullular carcinoma HepG2 
cells. Further experiments indicated that the lack of inhibitory 
effect of ethanol on cultured hepatocytes and HepG2 cells was 
not due to ethanol metabolism or proliferation status. These 
findings suggest that freshly isolated hepatocytes are more 
sensitive to ethanol inhibition of the JAK-STAT signalling 
pathway than cultured hepatocytes or HepG2 cells, which may 
be implicated in pathogenesis and progression of alcoholic liver 
diseases. 

Inhibition of PKC by GF109203X completely abolished PMA 
attenuation of IFN-y-activated STATI (Figures 5B and 5C), but 
only partially (about 3095) blocked ethanol inhibition of IFN- 
activated STATI (Figures 5B and 5C) or IL-6-activated STAT3 
(results not shown). These findings suggest that PKC 1s only 
partially involved in, and cannot fully account for, ethanol 
suppression of STAT activation. Several mechanisms responsible 
for inactivation of the JAK-STAT signalling pathway have been 
proposed (reviewed in [29-31]. For example, activated JAK- 
STAT can been attenuated by: (1) dephosphorylation by protein 
tyrosine phosphatases; (2) proteolytic degradation by the 
ubiquitin-proteasome pathway; (3) inhibitory molecules such as 
SOCS/JAB/SSI/CIS. In the present study the lack of effect of 
sodium vanadate and MG132 on the inhibitory action of ethanol 
on STATI activation suggests that protein tyrosine phosphatases 
and the ubiquitin-proteasome pathway are not involved The 
inhibitory molecules are also unlikely to be involved, because 


these proteins are newly synthesized after stimulation with IFN, 
whereas ethanol inhibitory action is rapid and does not require 
new protein synthesis (X. Shen, Z. Tian and B. Gao, unpublished 
work). Thus the molecular mechanisms responsible for ethanol 
inhibition of STAT activation are not fully understood and 
require further investigation. 

Taken together, we have integrated each of our findings with 
a proposed model (summarized in Figure 7) that allows for cross- 
talk between ethanol, IFN-activated p42/44 MAPK and STATI. 
In this model, acute exposure of hepatocytes to ethanol induces 
a rapid but transient activation ‘of phosphoinositide-specific 
phospholipase C and a consequent rise in cytosolic Ca?* and 
diacylglycerol [28], which can activate PKC. Activated PKC can 
directly attenuate IFN-activated STATI or indirectly inhibit it 
by potentiation of IFN-activated p42/44 MAPK. Ethanol may 
also inhibit IFN-activated STATI by some unknown mech- 
anisms. We have previously shown that acute ethanol rapidly 
and significantly inhibited IL-6-activated STAT3 in freshly 
isolated hepatocytes [38], suggesting that ethanol may interfere 
with the phosphorylation of STAT protein in general and its 
molecular target may be conserved domains of STAT proteins, 
such as the Src homology 2 (SH2) domain. Indeed, 1t has been 
reported that several kinases containing SH2 domains can be 
affected by ethanol [39-42]. In view of the critical role of IFN- 
activated STATI as a protective agent in viral infection [21,22], 
ethanol suppression of IFN-activated STATI may, at least in 
part, account for the high incidence of viral hepatitis and 
unresponsiveness to IFN therapy in alcoholics. 


We thank Dr Phillip Hylemon and Ms Patricia Bohdan for providing some of the 
freshly isolated hepatocytes This work was supported by Natlonal Institutes of Health 
Grants R03AA11823, RO1AA12637 and R29CA72681 (to B G.). 
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Sp1-like activity mediates angtotensin-Il-induced plasminogen-activator 
inhibitor type-1 (PA/-7) gene expression in mesangial cells 
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Angiotensin II (Ang IT) up-regulates .plasminogen-activator in- 
hibitor type-1 (PAI-1) expression in mesangial cells to enhance 
extracellular matrix formation. The proximal promoter region 
(bp —87 to —45). of the human PAI-I gene contains several 
potent binding sites for transcription factors [two phorbol-ester- 
response-element (TRE)-like sequences; D-box (—82 to — 76) 


‚апа P-box (—61 to 54), and one Sp] binding site-like sequence, 


Spl-box 1 (—72 to —67)]. We studied this region to determine 
the transcription factor(s) that mediates Ang-II-induced tran- 
scriptional activation of the PAT-/ gene. Various double-stranded 
decoy oligodeoxynucleotides (ODNSs) corresponding to various 
sequences in the proximal promoter region were transfected to 
mesangial cells to examine the effects on Арр-П-іпаџсеа PAI-I 
mRNA expression. Transfection with the full-length decoy (bp 
—87 to —45, D-P-ODN) markedly attenuated Ang-IlI-induced 
PAI-1 mRNA expression by up to 70%. Transfection with D- 
ODN (—87 to —71) and P-ODN (—66 to —45), which cor- 
respond to each of the two TRE-like sequences, did not attenuate 
the expression. Gel-shift assays using nuclear extracts prepared 


from Ang-II-treated mesangial cells and D-P-ODN showed three 
specific complexes. The major complex was supershifted by anti- 
Splantibody The methylation-interference experiment demon- 
strated that human recombinant Spl bound to the so-called 
GT box (TGGGTGGGGCT, —78 to —69), which contains the 
Spl-box 1. The complex that migrated with anti-Sp1 antibody 
was enhanced in the cells treated with Ang II. Further, D-Spl- 
ODN (—85 to —63) containing the GT box attenuated up- 
regulation of PAJ-1 mRNA expression induced by Ang II to a 
level (68 +9 % inhibition) comparable to D-P-ODN, whereas 
ODN with four mutations in the GT box had no effect. Our 
findings suggest that binding of Sp] or an Sp1-like transcription 
factor to the GT box in the PAI-1 promoter up-regulates PAI-1 
gene transcription in mesangial cells stimulated with Ang II. This 
transcription-factor binding site may be targeted to control Ang- 
II-dependent extracellular matrix formation by mesangial cells. 


Key words: double-stranded decoy oligodeoxynucleotide, extra- 
cellular matrix, transcription, plasmin system. 
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INTRODUCTION 


Mesangial expansion due to an accumulation of extracellular 
matrix is a hallmark of progressive glomerular diseases. Nu- 
merous studies indicate that angiotensin П (Ang П) mediates 
extracellular-matrix accumulation by a mechanism independent 
of its vasopressor effect [1]. Ang II stimulates production of 
extracellular-matrix proteins 1n glomerular mesangial cells, which 
are the major cells to produce mesangial extracellular matrix. 
Ang II has also been shown to reduce the degradation of 
matrix proteins by up-regulating plasminogen-activator inhibi- 
tors [2,3] Recent studies demonstrate that plasmin is a major 
regulator of mesangial cell matrix turnover [4]. Plasmin gene- 
ration is regulated by a balance between plasminogen activator 
and plasminogen-activator inhibitors. Glomeruli isolated from 
animal models of proliferative glomerulonephntis showed an in- 
crease in plasminogen-activator inhibitor type-1 (PAI-1) depo- 
sition in the extracellular matrix, which suggests that PAI-1 is the 
one of key factors associated with mesangial matrix accumulation 
[5] The expression of the PAJ-1 mRNA in mesangial cells has 
been shown to be up-regulated by Ang II, which activates the 
transcription of the РАГ-1 gene [6]. We have demonstrated 
previously that the protein kinase C (PK C)-dependent pathway 
is involved in the up-regulation of PAI-1 mRNA [7]. Further, 


PKC-activating phorbol ester markedly up-regulates PAI-1 
mRNA expression in mesangial cells. 

Phorbol esters have been reported to induce РАГІ gene 
transcription to up-regulate the mRNA level in many cells. 
Phorbol esters regulate the expression of many genes through 
the phorbol ester-response elements (TREs). The proximal pro- 
moter region of the human РА1-1 gene close to the TATA box 
contains two TRE-like elements located at bp — 82 to — 76 (desig- 
nated D-box) and —61 to —54 (P-box) upstream of the cap site 
[8]. The c-Jun homodimer (activator protein 1, AP-1) and c-Jun/- 
c-Fos hetrodimer bind to the two TRE-like sequences to mediate 
phorbol ester response. There are two Spl binding site-like 
sequences at bp — 72 to —67 (Spl-box 1) and —45 to —40 (Spl- 
box 2) in the proximal promoter region. Spl is a general 
transcription factor that binds to the so-called GC box and is 
expressed ubiquitously in many tissues [9]. The functional 
significance of these TRE-like and Sp1-box elements in Ang-II- 
induced PAI-I mRNA up-regulation has not been identified. 
This study examined the molecular mechanisms by which Ang II 
induces up-regulation of PAT-1 gene expression. For this purpose, 
a series of decoy oligodeoxynucleotides (ODNs) targeting the 
promoter region, TRE-like boxes and the 5р1 box of the human 
PAI-I gene was constructed and used to manipulate Ang-II- 
mediated transcriptional changes. Specific binding of the tran- 


Abbreviations used Ang ll, angiotensin Il, PAI-1, plasminogen-actrvator inhibitor type 1, PKC, protein kinase C, TRE, phorbol ester-response element, 
ODN, oligodeoxynucleotide, DIG, digoxigenin, DTT, dithiothreitol, AP, activator protein, MAPK, mitogen-activated protein kinase 
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scriptional factors to these ODNs was further evaluated by 
gel-shift and supershift assays. 


EXPERIMENTAL 
Mesanglal cell culture 


Rat mesangial cells were prepared as described previously [7]. 
Briefly, kidney cortices were isolated from 7-week-old male 
Sprague-Dawley rats. They were minced and passed through a 
series of sieves to isolate the glomeruli. Isolated glomeruli were 
treated with 1 mg/ml collagenase (Wako, Osaka, Japan) for 
30 min, resuspended in RPMI 1640 medium containing 17% 
fetal bovine serum (Gibco-BRL, Grand Island, NY, U.S.A ), 0.1 
units/ml insulin (Sigma, St. Louis, MO, U.S.A.) and antibiotics, 
and seeded in 100-mm plastic tissue-culture dishes. Outgrowing 
mesangial cells were maintained in the same medium, charac- 
terized by immunohistochemucal staining of desmin, «-smooth- 
muscle actin and cytokeratin, and by low-density lipoprotein 
uptake. The cells were used in experiments between passages 4 
and 7. The expression of Апо-1 receptor was confirmed at each 
passage by a !*^[-Ang-II-binding assay. 

For Ang-II stimulation, cells were rendered quiescent by 
culturing in serum-free medium for 24 h, and then stimulated 
with 100 nM Ang II (Sigma) for 3 or 6 h. In experiments using 
decoy ODNs, the cells were pretreated with ODN-lipofectin 
complex (molar ratio, 1 1, Gibco-BRL) at the indicated concen- 
trations in a serum-free medium for 24 h as described elsewhere 
[10]. They were then stimulated with 100 nM Ang II for 6h. 


Northern blotting 


An 877-bp fragment of rat PAI-1 cDNA and a 476-bp fragment 
of f-actin cDNA were labelled with digoxigenin (DIG) and used 
as probes for Northern blotting as described previously [7]. 

Total RNA was isolated using Isogen (Wako), 1 ml of which 
was added to mesangial cells cultured in a 60-mm dish. After cell 
lysis, the sample was collected in a tube, and total RNAs were 
extracted by chloroform and centrifuged. RNAs were precipi- 
tated with isopropanol, rinsed in 75% ethanol and resuspended 
in an appropriate amount of diethyl pyrocarbonate treated 
water. 

Total RNA (10—20 ug) was fractionated by electrophoresis on 
a 1% agarose gel. The RNA was then transferred from the gel 
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to a Hybond N* nylon membrane (Amersham, Little Chalfont, 
Bucks., U.K.) and immobilized by UV cross-linking. The mem- 
brane was prehybridized in a solution containing 4x SSCP 
(where 1 x SSCP 1s 0 12 M NaC1/0.015 M sodium citrate/0.015 
M Na,HPO,/0.005 M. NaH,PQ,), 1 x Denhardt's solution, 1% 
SDS, 50% formamide and 100 ug/ml salmon sperm DNA at 
42 °C for 3 h. Hybridization was then performed in a solution 
containing 4x SSCP, 1 x Denhardt’s solution, 1% SDS, 5% 
dextran sulphate, 50% formamide, 100 ug/ml salmon sperm 
DNA and denatured DIG-labelled probe at 42 °C for 16h After 
hybridization, the membrane was washed twice with 1 x SSC 
(0 15 M NaCI/0 015 M sodium citrate) containing 0.1% SDS at 
room temperature for 15 min and then washed twice with 
0.2xSSC contaiung 0.1% SDS at 42°C for 15 min. The 
hybndized probe was detected using a DIG-detection kit 
(Boehringer Mannheim, Mannheim, Germany) according to the 
manufacturer's instructions 


Preparation of nuclear extract 


After stimulating rat mesangial cells with 100 nM Ang II for 3 h, 
the cells were trypsinized and washed with PBS. The cells 
were suspended in a buffer [10 mM Hepes (pH 7.6) 15 mM 
KCl, 2 mM MgCL, 0.1 mM EDTA, 1 mM dithiothreitol (ОТТ), 
0.5 mM PMSF and 10 ug/ml leupeptin] and collected by brief 
centrifugation at 2000 g. The cells were lysed in the same buffer 
containing 0.2% Nonidet P40 and centrifuged again The nuclei 
were 1solated by suspending the pellet in a sucrose buffer [0.25 M 
sucrose, 10 mM Hepes (pH 7.6) 15 mM KCl, 2mM MgCl, 
0.1 nM EDTA, 1 mM DTT, 0.5mM PMSF and 10 ug/ml 
leupeptin] and centrifuging at 2000 g. The nuclear protein was 
extracted by suspending the pellet in an extraction buffer [50 mM 
Hepes (pH 7.6) 400 mM KCl, 10% glycerol, 0.1 mM EDTA, 
I mM DTT, 0.5 mM PMSF and 10 ug/ml leupeptin] and incu- 
bating at 4 ?C for 30 min. Insoluble materials were removed by 
centrifugation at 1000 g for 15 min. 


Gel-shiit assay 


Gel-shift assay was performed using a DIG gel-shift kit 
(Boehringer Mannheim). Briefly, double-stranded ODN probes, 
as described in Figure 1, were 3'-end labelled with DIG using 
terminal transferase according to the manufacturer's instructions. 


—90 —80 -70 —60 -50 40 -30 
5'-TCCCAGAGCCAGTGAGTGGGTGGGGCTGGAACATGAGTICATCTATTTCCIGCCCACATCTGGTATAAA-S' 
D-box Spl-box 1 P-box Sp1-box 2 TATA box 
Oligodeoxynucleotides (ODNs) 
D-P-ODN GCCAGTGAGTGGGTGGGGCTGGAACATGAGTTCATCTATTTC 
MD-P-ODN GCCAGTGAGTGGGTGGTTCTGGAACATGAGTTCATCTATTTC 
D-ODN GCCAGTGAGTGGGTGGT 
P-ODN GAACATGAGTTCATCTATTTC 
Sp1-ODN GGGTGGGGCTGGAACATG 
M Sp1-ODN GGGTGGTI_CTGGAACATG 
D-Sp1-ODN CAGTGAGTGGGTGGGGCTGGAACA 


MD-Sp1-ODN CAGTGAGTGAATTICGGCTGGAACA 
5р1 consensus AATCGAACTTCGGGGCGGGGCGAG 


Figure 1 Sequence of proximal promoter of the human РА/-7 gene and ODNs used In the experiments 


The proposed АР-1 and 5р1 binding sites are underlined according to the method of Knudsen et al [8] The sequences of ODNs used as decoys and for gei-shift assays are shown Underlined 


bases indicate mutations created in the respective ODNs 
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The labelled probes (20 fmol) were incubated with the nuclear 
protein preparation in a binding buffer [20 mM Hepes (pH 7.6) 
30 mM KCl, 0.2% (w/v) Tween 20, 1 mM EDTA, 1 mM DTT, 
10 mM (NH,),SO,, 25 ng/ul poly dd-C), 25 ng/ul poly d(A-T) 
and 50 ng/l poly L-lysine] at room temperature for 30 min. For 
gel supershift assay, antisera to Spl, Sp3, AP-1 or AP-2 (Santa 
Cruz Biotechnology, Santa Cruz, CA, U.S.A.) were added to the 
mixture and kept on ice for 1 h. After incubation, the protein— 
DNA complexes were separated by 5% non-denaturing acryl- 
amide gel electrophoresis. The protein-DNA complexes were 
transferred to a nylon membrane by electroblotting and 
were detected using the DIG-detection kit. 


Methylation interference 


A synthesized sense strand of D-P-ODN (the ODN spanning 
from D-box to P-box, see Figure 1) was 3’-end labelled with DIG 
by chemical modification (Japan Bioservice, Saitama, Japan) and 
then made double-stranded with an unlabelled antisense strand. 
The dimethyl sulphate reaction was started by adding 1 ul of 
dimethyl sulphate to a buffer containing 50 mM sodium acetate 
(pH 8.0), 1 mM EDTA and 33 pmol of the ODN, in a volume 
of 200 ul. After incubation at room temperature for 10 min, the 
reaction was stopped by adding 50 ul of the stop solution (1.5 M 
sodium acetate, pH 8.0, and 1 M f-mercaptoethanol). The ODN 
was precipitated with 750 ul of ethanol. The precipitate was 
resuspended in TE buffer (50 mM Tris/HCl, pH 8.0, and 1 mM 
EDTA) containing 100mM NaCl. The ODN (200 fmol) was 
incubated with 1 fpu (footprint unit) of recombinant human $р1 
(Promaga, Madison, WI, U S.A.) in the gel-shift binding buffer 
for 30 min. The SpI-ODN complex was separated by electro- 
phoresis on a 5% non-denaturing acrylamide gel and transferred 
to DSAE paper by electroblotting. The DEAE paper was washed 
three times with TE buffer containing 50 mM NaCl. The labelled 
ODN was extracted with TE buffer containing 1 M NaCl and 
precipitated with ethanol. The precipitate was suspended ш 1 M 
piperidine, incubated at 90 °C for 30 min and lyophilized. The 
digested ODN was electrophresed on a 12% sequencing gel, 
transferred to a nylon membrane and detected using the DIG- 
detection kit. 

Results are presented as means + S.D. Student's ! test was used 
for comparisons, with P < 0.05 considered statistically signifi- 
cant. Each experiment was performed at least in triplicate. 


RESULTS 


PAI-1 gene promoter activity was studied by transfecting 
mesangial cells with double-stranded decoy ODNs to inhibit 
specific transcription factors. This experimental approach over- 
came the technical difficulties of transfecting mesangial cells with 
plasmid vectors to perform a functional reporter gene assay. 
Figure 1 shows the sequence of the human PAI-1 proximal pro- 
moter region [8] and the sequences of the decoy ODNSs used in 
this study. The region between bp — 79 and —44 in the human 
PAI-1 gene is identical with the corresponding regions in 
the mouse and rat genes. The D-box and P-box are similar to the 
binding sites for AP-1 (TREs). The sequences with similarity to 
the general transcription factor Spl binding site are designated 
Spl-box 1 and Spl-box 2. 

Initially, we assessed the effect of the decoy ODN spanning 
from D-box to P-box (D-P-ODN). D-P-ODN dose-dependently 
inhibited the Ang-II-induced PAI-] mRNA up-regulation in rat 
mesangial cells (Figure 2). To examine which portion of D-P- 
ODN is responsible for the-inhibition, ODNs corresponding to 
the D-box (D-ODN), the P-box (P-ODN) and D-P-ODN with 
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Figure 2 Effect of the decoy D-P-ODN on Ang-il-Induced PAI-1 mRNA 
expression 


Mesangral cells were transfected with D-P-ODN at differant concentrations in a serum-fres 
medium for 24 h, and then stimulated with 100 nM Ang 11 for 6 h The PAI-1 mRNA expression 
was analysed by Northern blotting using rat PAI-1 probe Lane 1, control, no treatment, lane 
2, Ang Il, lane 3, 1 uM D-P-ODN + Ang Il, lane 4, 5 uM D-P-ODN + Ang II 


A 123 45 6 


CoS Se ee — — — 


PAI-1 ( t-n: we фи wi 
B-Actin gg wo ey e M M 





Figure 3 Effects of the decoy M D-P-ODN, D-ODN and P-ODN on Ang-ll- 
Induced PAI-1 mRNA expression 


(A) Northern blotting. Mesangial cells were transfected with 5 4M D-P-ODN, M D-P-ODN, D- 
ODN or P-ODN in a serum-free medium for 24 h, and then stimulated with 100 nM Ang II for 
6 h The PAI-1 mRNA expression was analysed by Northern blotting using rat РАЈ-1 probe Lane 
1, control, no treatment, lane 2, Ang II, lane 3, D-P-ODN + Ang Il; lane 4, M D-P-ODN + Ang 
I|, lane 5, D-ODN + Ang Il, lane 6, P-ODN + Ang 1 (B) Gel-shift assay 3'-End labelled D-P- 
ODN was incubated with nuclear extracts prepared from mesangial cells in the absence or 
presence of a 100-fold excess of unlabelled ODN The protein-DNA complexes were separated 
by 5% non-denaturing acrylamide gel electrophoresis Lane 1, control, no competitor, lane 2, 
100-fold excess of unlabelled D-P-ODN, lane 3, 100-fold excess of unlabelled M D-P-ODN, lane 
4, 100-fold excess of unlabelled D-ODN, lane 5, 100-fold excess of unlabelled P-ODN 


mutations at the Spl-box 1 (M D-P-ODN) were constructed 
(Figure 1). Cells transfected with the D-ODN and P-ODN 
showed no inhibition but rather enhanced signals of PAI-1 
mRNA when treated with Ang II (Figure 3A). Transfection with 
M D-P-ODN inhibited the up-regulation induced by Ang II toa 
level comparable with that with the D-P-ODN. These data 
suggest that (1) both D- and P-boxes are necessary for inducing 
PAI-1 mRNA up-regulation by Ang П, or (и) the mutation 
created in the Spl-box 1 is not effective for inhibiting Spl 
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Figure 4 Effects of the decoy $p1-ODN on Ang-li-induced РАІ-1 mRNA 
expression 


(A) Northern blotting Mesangial calls were transfected with 5 uM Sp1-ODN or M Sp1-ODN 
in a serum-free medium for 24 h, and then stimulated with 100 nM Ang H for 6 h The PAI-1 
mRNA expression was analysed by Northern blotting using rat РАЈ-1 probe Lana 1, control, 
no treatment, lane 2, Ang Il, lane 3, Sp1-ODN -+ Ang 11, lane 4, M Sp1-ODN 4- Ang 11 (B) Gal- 
shift assay 3’-End labelled D-P-ODN was incubated with nuclear extract prepared from 
mesangial cells in the absence or presence of а 100-0 excess of unlabelled ODN The 
protain—DNA complexes were separated by 5% non-denaturing acrylamide gel electrophoresis 
Lane 1, control, no competitor, lane 2, 100-fold excess of unlabelled D-P-ODN, lane 3, 100- 
fold excess of unlabelled Sp1-ODN. 


binding. To address these questions, a gel-shift assay was 
performed using mesangial-cell nuclear extracts and the D-P- 
ODN. The gel-shift assay showed at least three specific bands, 
which were abolished by the addition of an excess of unlabelled 
D-P-ODN (designated bands 1-3 from the top, Figure 3B). 
Addition of the unlabelled M D-P-ODN to the reaction mixture 
abolished complex formation of all the three bands. However, 
addition of D-ODN or P-ODN exhibited only weak competition 
for these bands. These data indicate that M D-P-ODN has 
similar capability to D-P-ODN in competing for binding with 
transcription factors. 

Since the -decoy ODN with mutations in the Spl-box 1 
(M D-P-ODN) failed to inhibit transcription-factor binding, we 
synthesized another decoy, Spl-ODN, to inhibit Spl trans- 
criptional activity. Mesangial cells transfected with Spl-ODN 
showed a weak attenuation of Ang-H-induced РАІ-1 mRNA up- 
regulation (about 30% reduction, Figure 4A), whereas the 
mutated control M Spl-ODN had little effect on the expression. 
The gel-shift assay showed that intensities of the three bands 
were decreased by the addition of excess Spl-ODN, but it did not 
completely compete out these bands as D-P-ODN did (Figure 
4B). Thus the affinity of Sp1-ODN for these factors was much 
lower than that of D-P-ODN. These data indicate that the weak 
affinity of Spl-ODN for transcription factor resulted in 
weak inhibition of Ang-Il-induced PAI-1 mRNA up-regulation. 

To identify the transcription factors that bind to D-P-ODN we 
performed gel supershift assays with antibodies to AP-1, AP-2 
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Figure 5 Molecular interaction of 8р1 or Sp1-like activity in mesanglal 
cells with the D-P-ODN 


(А) Ge! supershift assay 3’-End labelled D-P-ODN was incubated with nuclear extracts prepared 
from mesanglal cells Then, an antibody to 5р1, AP-1 or AP-2 was added to the reaction 
mixtures. The protein-DNA complexes were separated by 5% non-denaturing acrytamide gel 
&lectrophoresis Lane 1, control, no antibody; lane 2, ant-Sp1 antibody, lane 3, ant-AP-1 
antibody, lane 4, anti-AP-2 anbbody (B) Competition of gel shift by D-P-ODN or 5р1 consensus 
ODN 3'-End labelled D-P-ODN was incubated with nuclear extracts from mesangial calls in the 
presence of various concentrations af D-P-ODN or 5р1 consensus ODN The protein-DNA 
complexes were separated by 5% non-denaturing acrylamide gel electrophoresis Lane 1, 
control, no compstitor, lans 2, 80 fmol of D-P-ODN (4-fold); lane 3, 400 fmol of D-P-ODN (20- 
fold), lane 4, 2000 fmol of D-P-ODN (100-fold), lane 5, 80 fmol of Sp1 consensus ODN (4-0), 
lane 6, 400 fmol of 5р1 consensus ODN (20-fold), lane 7, 2000 fmol of Spi consensus ODN 
(100-0) 


and Spl. The antibody to Spl supershifted band 1 (Figure 5A). 
The anti-AP-1 antibody also yielded a supershifted band, 
although we could not identify which of the three bands had been 
supershifted. The anti-AP-2 antibody did not cause supershifting. 
A competition assay using a putative Spl] consensus sequence 
abolished binding of the three bands with an affinity comparable 
with the D-P-ODN (Figure 5B). These results indicate that Spl 
or an Spl-like factor binds to a region of the PAJ-] gene 
corresponding to the D-P-ODN. 

To define the binding site of Spl in the PAI-/ gene, we 
performed a methylation-interference experiment using DIG- 
labelled D-P-ODN and human recombinant 5р1. The methylated 
ODN interfered with Spl binding from bp —78 to — 69 (Figure 
6). Thus Spl binds to the ODN at the sequence TGGGTGG- 
GGCT, which 1s the so-called GT-box sequence and contains 
Spl-box 1 in the PAT-] gene. To verify the binding of Spl or Spl- 
like activity to the GT box, D-Sp1-ODN, which contains the GT 
box, and a control, M D-Spl-ODN, with four mutations in 
the GT box (TGGGTGGGGCT => TGAATTCGGCT, with the 
changes underlined), were synthesized. When D-Spl-ODN was 
incubated with mesangial-cell nuclear extracts, three complexes 
were observed, as shown earlier with D-P-ODN, although the 
intensities of bands 2 and 3 were weak (Figure 7). These three 
bands were competed out when a 100-fold excess of D-Sp1-ODN 
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Figure 6 Methylation Interference of recombinant haman Spi binding 


3’-End labelled D-P-ODN was methylated and incubated with recombinant human Spi The 
proteinh—-DNA complexes were isolated and the DNA was digested by the Maxam--Gilbert 
reaction The DNA fragments were separated by electrophoresis on a 12% sequence gel Lane 
1, control, no protein incubation, lane 2, incubated with recombinant human Sp1 


was added to the reaction mixture; however, M D-Sp1-ODN 
had little effect on the three bands. The band-1 complex was 
supershifted with anti-Spl antibody. Thus the results indicate 
that the GT box in the PAI-1 promoter served as the binding 
site for 5р1 or an Spl-like factor. 

The nature of the band-1 complex in Ang-lI-induced PAI-1 
mRNA up-regulation was studied by a gel-shift assay. The 
intensity of the band-1 complex in nuclear extract from rat 
mesangial cells treated with Ang II for 3h was compared with 
that from untreated control cells. The intensity of band-1 complex 
was substantially increased after 3 h of Ang II treatment (Figure 
8). Densitometric analysis revealed a 2.36 + 0.05-fold increase in 
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Figure 7 Molecular Interaction of $p1 or Spt-iike activity with the GT box 


3'-End labelled D-Spi-ODN was incubated with nuclear extracts from mesangial cells in 
the absence or presence of 100-fold excess of unlabelled ODN or anti-Sp1 antibody The 
protein—DNA complexes were separated by 5% non-denaturing acrylamide gel electrophoresis 
Lane 1, control, no competitor, lane 2, 100-fold excess of unlabelled D-Sp1-ODN, lane 3, 100- 
fold excess of unlabelled M D-Spi-ODN; lane 4, gel supershift assay with anti-Sp1 antibody. 
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Figure 8 Activation of Sp1-like factor In Ang-Il-treated mesangial calls 


3’-End labelled D-Sp1-ODN was incubated with nuclear extracts of Ang-ll-treated mesangral 
cells The protein-DNA complexes were separated by 5% non-denatunng acrylamide gel 
electrophoresis (Although not shown, Westem-biot analysis of the nuclear extract from 
mesangial cells showed no apparent change in the Spi protein after the treatment with Ang 
1) Lane 1, control, untreated calls, lane 2, Ang-IHtreated cells 


Spi-like-factor binding by Ang II compared with non-treated 
control, whereas the intensities of bands 2 and 3 were comparable. 
The Ang-ll-responsive component of band 1 was evaluated 
further. When an antibody to Sp3, which also belongs to the Sp1 
family of transcription factors, was added to the system, it 
supershifted band 1. When both anti-Spl and anti-Sp3 anti- 
bodies were added to the system, the band-1 complex disappeared 
completely (Figure 9A). The results indicate that band 1 consists 
mainly of Spl and Sp3. Then the amount of Spl and Sp3 in the 
nuclear extracts from Ang-II-treated and non-treated cells was 
compared by adding each antibody to the system and the 
intensity of remaining band 1 was measured. When anti-Spi 
antibody was added to the system there was no significant 
difference in the intensities of remaining band 1 (Sp3 or Sp3-like) 
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Figure 9 Binding of Spt and 8р3 In mesanglal cells to the GT box 


(А) Gel supershift assay 3’-End labelled D-Sp1-ODN was incubated with nuclear extracts 
prepared from mesangial cells Then, an antibody to Sp1 and/or Sp3 was added to the reaction 
mixtures The protem-DNA complexes wera separated by 5% non-denaturing acrylamide gel 
electrophoresis Lane 1, control, no antibody, lane 2, anti-Sp1 antibody, lane 3, anti-Sp3 
antibody, lane 4, ant-Sp! and ant}Sp3 antibodies (B) Comparison of Spi (dike activity) and 
Sp3(-like activity) In nuclear extracts from Ang-IHreated cells and non-treated calls. 3'-End 
labelled D-Sp1-ODN was incubated with nuclear extracts from mesangial calls Then, an antibody 
to 5р1 ог Sp3 was added to the reachon mixtures The protein--DNA complexes were separated 
by 5% non-denatunng acrylamide gal electrophoresis Lanas 1 and 2, supershifted with 
ant-Sp! antibody, lanes 3 and 4, supershifted with anti-Sp3 antibody Lanes 1 and 3, 
control, non-treated cells, lanas 2 and 4, Ang-ll-treated calls 
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Figure 10 Effect of the decoy D-Sp1-ODN on Ang-Ii-Induced PAI-1 mRNA 
expression 


(A) Basal PA!-1 mRNA expression. (B) Ang-Il-induced PA-1 mRNA expression Mesangial calls 
were transfected with D-Sp1-ODN or M D-Sp1-ODN by incubation with indicated concentrations 
of the ODN In a serum-free medium for 24 h, and then stimulated with vetucle (Control, A) or 
100 nM Ang 11 (B) for 6 h The PÁI-1 mRNA expression was analysed by Northam blotting 
using rat PAI-1 probe Lanes 1, control, no ODN treatment, lanes 2, 1 М D-Sp1-ODN, lanes 
3, 5 uM D-Sp1-ODN, lanes 4, 1 2М M D-Sp1-ODN, lanas 5, 5 uM M D-Spi-ODN 


between the nuclear extract from Ang-II-treated and non-treated 
cells (Figure 9B, left-hand panel) In contrast, when anti-Sp3 
antibody was added to the system, the intensity of remaining 
band 1 (Spl or Spl-like) was enhanced in the nuclear extract 
from Ang-II-treated cells (Figure 9B, right-hand panel). There 
was a 2.99 --0.38-fold increase in the density of the remaining 
band 1 in anti-Sp3-antibody-treated nuclear extract from Ang- 
II-treated cells compared with the non-treated control cells. 
Thus the element of band 1 that was enhanced by Ang II was 
supershifted by anti-Spl but not by anti-Sp3 

The effect of transfection with D-Sp1-ODN in mesangial cells 
treated with Ang II was studied. D-Sp1-ODN inhibited the Ang- 
II-induced PAI-1 mRNA up-regulation in a dose-dependent 
manner, whereas the mutated control M D-Sp1-ODN had little 
effect on the induced expression (Figure 10). Densitometric 
analysis revealed a 684.9% (n = 4) reduction in Ang-Il-induced 
PAI-I mRNA expression in the cells transfected with 5 4M D- 
Spl-ODN. Mesangial cells not treated with Ang II showed a 
20+6% reduction in PAI-1 mRNA expression when transfected 
with 5 yM D-Spl-ODN. M D-Sp1-ODN had little effect on both 
Ang-II-treated and non-treated cells Thus Spl or an Spl-like 
factor that is supershifted with anti-Spl antibody is likely to be 
involved both in basal and Ang-II-induced PAI-1 mRNA ex- 
pression. 


DISCUSSION 


Our previous study demonstrated that Ang II up-regulates PAI- 
1 mRNA through PKC activation in glomerular mesangial cells 
[7]. The present study examined the molecular mechanism of 
Ang-Il-induced up-regulation of PAJ-1 gene expression. Up- 
regulation of the gene expression has been shown to be trans- 
criptionally regulated by its proximal promoter region. The 
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decoy ODN (D-P-ODN) of the promoter region, which contains 
two TRE-like sequences and one Spi binding site-like sequence, 
abolished the gene expression induced by Ang II. 

The gel-shift assay, gel supershift assay and methylation- 
interference experiment in the present study suggest a unique 
protein-DNA interaction of PAJ-] gene regulation in mesangial 
cells. These studies demonstrated that general transcription 
factors, 5р1 and Sp3, or factors that bind to the GT box and 
cross-react with anti-Spl and anti-Sp3 antibodies, bind to the 
proximal promoter region of the PAI-I-gene. In the gel-shift 
assay, anti-Spl and anti-Sp3 antibodies substantially supershifted 
the complex (band 1) of the D-P-ODN and the mesangial-cell 
nuclear extract The methylation-interference experiment re- 
vealed that the core sequence of the binding site for Spl is 
located 1n the so-called GT box, which contains the Spl-box 1. 
Spl and Sp3 have been shown to regulate basal transcription of 
many genes [9] In the gel-shift assay, the intensity of the com- 
plex, which contains Spl or an Spl-like factor, was significantly 
enhanced in nuclear extract from Ang-II-treated mesangial cells 
compared with untreated control cells. In contrast, the intensity 
of the Sp3 or Sp3-like factor was not significantly different 
between Ang-Il-treated and non-treated cells The functional 
significance of the Spl and Sp3 binding to the GT box was 
examined by the use of decoys. The D-Spl1-ODN decoy, which 
masks the GT box, abolished the Ang-II-induced PAI-1 mRNA 
up-regulation, and a mutation 1n the D-Spl-ODN resulted in a 
loss of the inhibitory effect of the D-Spl-ODN. Transcription of 
the РА/-1 gene 15 likely to be regulated by a balance between the 
activity of Spl and Sp3. Sp3 has been shown to repress 
transcriptional activity of Sp1 [9]. 

Several mechanisms for the activation of 5р1 or Spl-like 
factor are postulated. Ang II has been reported to induce Spl 
protein in neonatal cardiac fibroblasts [11]. However, we did not 
observe induction of Spl protein by Ang II in rat mesangial cells 
(results not shown). Another mechanism of Spl activation is 
phosphorylation or dephosphorylation of the protein 5р1 has 
been reported to be activated by both phosphorylation and 
dephosphorylation [12-15]. Mitogen-activated protein kinase 
(MAPK) has been shown to activate 5р1 [16,17]. Ang IT has been 
proposed to stimulate MAPK in a PKC-dependent manner 
[18,19]. Our previous data demonstrated up-regulation of PAT-1 
gene expression by Ang II through PKC and protein tyrosine 
kinases downstream of PKC [7]. Taken together, binding of Sp! 
to the GT box may be increased by the PKC- and MAPK- 
dependent signalling pathway in response to Ang П. 

It has been reported that the two TRE-like sequences 1n the 
proximal promoter region of the PAI-1 gene mediate signals from 
the PKC activator, phorbol ester, in MCF-7 and HepG2 cells 
[8,20]. Thus, we initially anticipated that Ang-I]-induced PAI-1 
up-regulation was mediated by the two TRE-like sequences To 
our surprise, decoy ODNs encoding the two respective TRE-like 
sequences were not effective in blocking the induction. On the 
other hand, there was a weak but detectable supershift by anti- 
AP-1 antibody in the gel shift. Because of a weak affinity of the 
two TRE-like sequences for AP-1 compared with the TRE- 
consensus sequence [8], a larger amount of the decoy ODN may 
have been required to inhibit AP-1. In this regard, a decoy ODN 
containing an АР-1 consensus sequence showed a weak inhibitory 
effect (approx. 20%) on Ang-Il-induced PAI-1 mRNA up- 
regulation (results not shown). 

Nevertheless, the present study shows that Spl, or an Spl-like 
factor, is the effector of Ang-Il-induced up-regulation of the 
PAI-1 gene in mesangial cells. Since various decoy ODNs have 
been used successfully in experimental models of glomerular 
diseases [10,21], our approach to suppress extracellular matrix 


formation by mesangial cells may have clinical implication as a 
potential molecular pharmacological tool to control progressive 
renal diseases. 


We thank Miss Enka Sugawara for her excellent technical assistance 
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expression is developmentally regulated 
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A cDNA encoding an ubiquitin-specific processing protease, 
UBP109, in rat skeletal muscle was cloned and its product was 
characterized. Northern analysis revealed that UBP109 mRNA 
is highly expressed in testis and spleen, compared with other 
tissues. Furthermore, in situ hybridization showed that the level 
of UBP109 mRNA in liver, spinal cord and brain dramatically 
changed during embryonic development, indicating that the 
expression of UBP109 mRNA is developmentally regulated. 
UBP109 was expressed in Escherichia coli and purified to 
apparent homogeneity using a !"I-labelled ubiquitin—peptide 
fusion as a substrate. The purified enzyme cleaved at the C- 
terminus of the ubiquitin moiety in natural and engineered fusions 
irrespective of their sizes. UBP109 also released free ubiquitin 
from poly-His-tagged penta-ubiquitin. Moreover, it released free 


ubiquitin from poly-ubiquitinated protein conjugates of rabbit 
reticulocytes. In addition, UBP109 localized to both the cyto- 
plasm and the nucleus and, among three putative nuclear 
localization sequences, only the one located near the C-terminus 
is responsible for nuclear localization. These results suggest 
that UBP109 may play an important role in generation of 
free ubiquitin from its precursors and its recycling from 
poly-ubiquitinated protein conjugates, and hence in regulation 
of ubiquitin-mediated cellular processes, particularly related to 
embryonic development. 


Key words: de-ubiquitinating enzyme, embryonic development, 
hUSP15, nuclear localization, UBP109. 





INTRODUCTION 


Covalent modification of proteins by the 76-residue ubiquitin 
(Ub) polypeptide is involved in many aspects of protein metab- 
olism and cellular functions, including elimination of abnormal 
proteins, cell-cycle progression, signal transduction, transcrip- 
tion, and antigen presentation [1,2]. The known substrates of this 
ubiquitination pathway include protein kinase (Mos), cyclins, 
transcription factors (Mata2, GCN4, c-Jun, p53 and nuclear 
factor-«B), inhibitors of cyclin-dependent protein kinases (Sicl, 
Farl and Ruml), and subunits of trimeric G-proteins [3,4]. Ubs 
are covalently ligated to proteins by the action of a multiple 
enzyme system consisting of El (Ub-activating), E2 (Ub- 
conjugating), апа ЕЗ (Ub-ligating) enzymes. Proteins ligated to 
multiple units of Ub are recognized by the 19 S regulatory 
complex of the 26S proteasome. Proteins bound to the 
19 S complex are then probably unfolded [5,6] and trans- 
located into the central cavity of the 20 S proteasome, where 
they are degraded to small peptides in an ATP-dependent 
fashion [14,7]. 

Ubs are encoded by two distinct classes of genes, neither of 
which encodes a monomeric form of Ub [8,9]. One is a poly-Ub 
gene which encodes a linear polymer of Ubs that are linked 
through peptide bonds between the C-terminal Gly and N- 
terminal Met of contiguous Ub molecules. The other encodes a 
fusion protein in which a single Ub is linked to a ribosomal 


protein consisting of 52 or 76-80 amino acids [10]. Thus 
generation of free Ub from linear Ub polymers and Ub-fusion 
proteins and recycling of Ub from poly-ubiquitinated protein 
conjugates by de-ubiquitinating enzymes (DUBs) should be 
essential for the Ub-mediated cellular processes. 

DUBs can be divided into two groups: Ub C-terminal hydro- 
lases (UCHs) and Ub-specific processing proteases (UBPs) [11]. 
As far as the UCH family is concerned, a neuron-specific UCH in 
the marine snail Aplysia has been reported to be essential for 
long-term facilitation [12]. Recently, Leroy and co-workers have 
identified, in a German family with Parkinson's disease, a 
mutation in the UCH-L1 gene resulting in a change of Пе" to 
Met, implicating the involvement of Ub pathway in Parkinson's 
disease [13]. Saigoh et al. [14] have found that, in the gracile- 
axonal-dystropy (gad) mouse showing ataxia, accumulation of 
amyloid f-protein and Ub-positive deposits occurs retrogradely 
along the sensory and motor nervous systems and that the gad 
mutation is caused by an in-frame deletion including exons 7 and 
8 of UCH-LI1. Johnston et al. [15] have determined the crystal 
structure of UCH-L3, which shows a central antiparallel J-sheet ‘ 
flanked on both sides by a-helices. This resembles the structure 
of the well-known papain-like cysteine proteases, with the 
greatest similarity to cathepsin B. As for the UBP family, many 
UBPs have been implicated 1n numerous cellular processes, such 
as eye development in the fly [16], transcriptional silencing [17], 
cytokine response [18], and growth regulation [18,19]. 


Abbreviations used Ub, ubiquitin; UCH, ubiquitin C-terminal hydrolase, YUH1, yeast ubiquitin hydrolase 1, gal, galactosidase, UBP, ubiquitin- 
specific processing protease, USP, ubiquitin-specific protease, Опр, ubiquitious nuclear protein, DUB, de-ubiquitinating enzyme, Ub-PESTc, 
ubiquitin-aNH-MHISPPEPESEEEEEHYC, СЕРВО, carboxyl extension protein 80, DHFR, dihydrofolate reductase, His-penta-Ub, poly-His-tagged 
penta-Ub, NLS, nuclear localization signal, Ni-NTA, Ni?*-nitrilotrracetate, DTT, dithiothrertol, Rb, retinoblastoma protein 
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In the mouse and human, cDNAs of ubiquitous nuclear protein 
(Unp) have been cloned. unp was originally identified during a 
survey of mouse genes near the Mpv20 retroviral insertion site. 
Analysis of the Unp cDNAs has revealed their sequence hom- 
ology with the UBP family, and their products have been shown 
to be functional DUBs [20—2] In addition, the deduced amino 
acid sequences of the Unps contain putative nuclear localization 
signals (NLSs), based on their similarity to the NLS domain of 
the p53 protein [23], and the binding motifs for retinoblastoma 
protein (Rb) [24,25]. However, the subcellular localization of 
endogenous Unps has been controversial, since the mouse Unp 
has been reported to localize to the nucleus [26], while human 
Unp (Unph) has been shown to exist exclusively in the cytoplasm 
[27]. 

The mouse unp is related to the human oncogene tre-2 [27]. 
Expression of unp from a highly active promoter results in 
tumorigenic transformation of NIH3T3 cells, and induces lung 
carcinomas when the cells are injected into athymic mice [26]. 
Unph mRNA levels are consistently elevated in small-cell 
tumours and adenocarcinomas of the lung, suggesting a possible 
causative role of Unps in the neoplastic process [21]. Two human 
Unp cDNAs, unpEL and unpES, have also been 1solated from 
adult tissues [22] The UnpEL 1s longer at both N- and C-termini 
than Unph, and UnpES, which has an internal deletion, is 
shorter by 47 amino acids than UnpEL. This could be a tissue- 
specific isoform, presumably a product of alternative splicing 
The relative abundance of the Unp isoforms on Northern blots 
varies from tissue to tissue: in the brain, mRNA of UnpEL 
predominates, while in the testis, most of the Unp-specific signal 
came from mRNA of UnpES, and in the skeletal muscle, both 
are equally represented. Interestingly, the levels of UnpEL and 
UnpES are reduced in small-cell-Iung-carcinoma cell lines, raising 
a possibility that Unps may be tumour suppressors. This con- 
tradictory observation for transforming potential and tumour- 
suppressing activity of Unps could be explained by an example 
of the tumour suppressor p53, which was originally identified as 
a proto-oncogene Recently, a human Ub-specific protease gene, 
USP15, has been identified [28]. The USP15 protein has the 
sequence most closely related to Unp, and its gene 1s localized to 
chromosome band 12414, a different location from that of unp 
(3p21 3). It has been reported that breaks 1n a broad region of 
chromosome 12, 12413-15, occur in lipomas [29]. In addition, 
amplification of 12q14-15 and 12414-21 sequences has been 
found ın the neuroblastoma cell line NGP [30] and both mucinous 
Ovarian neoplasmas and Brenner tumours respectively, which 
sometimes co-exist in the same patient [31]. 

In the present study, a UBP cDNA was isolated from rat 
skeletal-muscle cDNA library using an Escherichia colt-based m 
vivo screening method [32,33]. We expressed the enzyme in E. 
coli, purified it from the cells, and analysed its ın vitro properties 
We also analysed the expression of its mRNA in rat embryos, 
various adult tissues and cancer cells by Northern blotting 
and/or in situ hybridization and determined its subcellular 
localization. 


EXPERIMENTAL 
Materials 


The rat cDNAs in pBluescript II (pBS) were excised from the 
rat skeletal-muscle A ZAPI cDNA library (Stratagene) by 
following the procedure recommended by the manufacturer. The 
cDNA plasmids were propagated in E. coli JM101 cells (supE thi 
A(lac-proAB)/ F traD36 proA* proB* lac! lacZAM15) that had 
been transformed with pAÀCUb-R-Z-galactosidase (pA CUb-R- 
f-gal) or pÀCUb-M--gal [34]. 
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Ub-aNH-MHISPPEPESEEEEEHYC (Ub-PESTc), Ub-xNH- 
carboxyl extension protein of 80 amino acids (Ub-CEP80), 
and Ub-aNH-dihydrofolate reductase (Ub-DH FR) were purified 
as described previously [35]. A plasmid for poly-His-tagged 
penta-Ub (His-penta-Ub) was constructed as follows. The open 
reading frame of yeast UBI4 gene was amplified by PCR from 
the Saccharomyces cerevisiae genomic DNA, using specific 
primers with additional restriction-enzyme cleavage sites to 
facilitate insertion into pET-16b vector (Novagene). The His- 
penta-Ub protein was expressed in E. colt and then purified using 
a Ni*'-nitrilotriacetate (Ni-NTA)-agarose affinity column by 
following the procedure recommended by the manufacturer The 
purified Ub-PESTc was radiolabelled with Na!?*I using Iodo- 
Beads (Pierce) [36]. Ub was radiolabelled with NaI using 
chloramine-T. Ub-aldehyde was prepared by borohydride re- 
duction of Ub in the presence of YUHI as described in [37]. 
Reticulocytes were obtained by subcutaneous injections of phenyl- 
hydrazine into albino rabbits [38]. From the cells, fraction II, 
containing the Ub-conjugating system, was prepared as described 
in [39]. An anti-f-gal antiserum was obtained from Cappel 
(Durham, NC, U.S.A .). 


Cloning of UBP109 cDNA 


The E. coli JM101 cells carrying both the rat cDNA plasmids 
and pACUb-R-f-gal were plated on to agar plates containing 
100 zg/ml ampicillin, 34 ug/ml chloramphenicol, and 40 ug/ml 
5-bromo-4-chloroindol-3-yl f-p-galactoside ('X-Gal' They 
were then incubated at 37°C for 14h. Among 3x 10° trans- 
formants, three appeared as white colonies, while the others were 
stained as blue. All the control cells (i.e. transformed with pBS 
vector only) developed a blue colour From the three white 
colonies, plasmids were isolated and again transformed into the 
E. coli JM101 expressing either Ub-R-£-gal or Ub-M-f-gal. Only 
one of the three colonies turned white when transformed with 
Ub-R-f-gal, but not with Ub-M-f-gal (i e. became blue), con- 
firming that the white colony contains the plasmid carrying the 
rat cDNA specifying the UBP activity against the Ub-f-gal 
proteins. The plasmid was 1solated, sequenced, and 1s referred to 
as pBS-Ubpi09. The UBP109 cDNA was also cloned into 
pQE31 vector, and the resulting plasmid was referred to 
as pQE31-Ubp109. 


in situ hybridization 


In situ hybridization was performed essentially as described 
previously [40]. Radiolabelled riboprobes were synthesized by in 
vitro transcription using a-**S-UTP. Frozen embryo and adult 
tissues were cut into 12 wm-thick slices and mounted on to 
gelatin-coated slides. The sections were fixed in 4% (w/v) 
paraformaldehyde, treated with 0.25 % (w/v) acetic anhydride in 
0.1 M triethanolamine, pH 8, containing 0.9% (w/v) NaCl to 
reduce non-specific hybridization due to electrostatic forces, 
dehydrated and defatted in ethanol and chloroform, and finally 
air-dried. The hybridization solution (2 x 10° c.p m./ml) was 
applied directly to each mounted section for 16 h at 52 °C. The 
sections were washed in 2x SSC (1х SSC is 0.15 M NaCI/ 
0015 M sodium citrate), treated with RNase А (20 ug/ml) 
for 30min at 37?C, and washed sequentialy for 30 min 
in 1x SSC and 0.5 x SSC at room temperature and 30 min in 
0.1 x SSC at 60°C After drying, the slides were exposed for 7 
days to -max Hyperfilm (Amersham-Pharmacia) for auto- 
radiography. 


Expression of UBP109 in Е, coll 


The XL-1/pQE31-Ubp109 cells were grown to mid-exponential 
phase in Luria broth at 37 °С Expression of UBP109 was then 
induced for 2h by treating with 1 mM isopropyl thio-f-p- 
galactoside After the treatment, the cells were harvested and 
suspended in 50 mM phosphate buffer, pH 7.8, containing 0.3 M 
NaCl. The cell suspension was then disrupted in a French press 
at 96.6 MPa (14000 Ib/1in?) and centnfuged at 100000 g for 2 h. 
The resulting supernatants are referred to as ‘crude extracts’. 


In vitro assays for UBP activity 


The UBP activity was assayed by incubation of the reaction 
mixtures (0.1 ml) containing appropriate amounts of the enzyme 
fractions and 10 рв of !"'I.abelled Ub-PESTc [(1-2)x 
10° c.p.m./ug] ш 100mM Tris/HCl (pH 8)/1 mM EDTA/ 
] mM dithiothreitol (DTT)/5% (v/v) glycerol [35]. After in- 
cubation for appropriate periods at 37 °C, the reaction was term- 
inated by adding 50 ul of 40% (w/v) trichloroacetic acid and 
50 wl of 12% (w/v) BSA. The samples were centrifuged, 
and the resulting supernatants were counted for their radio- 
activity using a y-radiation counter. The enzyme activity is 
expressed as a percentage of '**]-labelled Ub-PESTc hydrolysed 
to acid-soluble products. 


Preparation of poly-Ub—protein conjugates 


To prepare poly-Ub-eNH-protein conjugates, 1 zg of the !'5I- 
labelled Ub [(1—2) x 10* c.p.m.] was incubated with 720 ug of 
fraction II and an ATP-regenerating system [39]. The ATP- 
regenerating system consisted of 10 mM Tris/HCl (pH 7.8), 15 
units/ml creatine phosphokinase, 6.5 mM phosphocreatine, 
1.5 mM ATP, 1 mM DTT, 0.5 mM MgCl, and 1 mM KCl ina 
final volume of 0.3 ml. Incubations were performed for 2 h at 
37 °C in the presence of 1 mM haemin to prevent proteolysis of 
the ubiquitinated protein conjugates by the 26S proteasome. 
After incubation, the samples were heated for 10 min at 55 °C for 
inactivation of endogenous DUBs. The resulting samples were 
freed of excess }**I-labelled Ub by treatment with 0.2 N NaOH 
and 100 mM DTT, followed by gel filtration on a Sephadex G- 
75 column equilibrated with 25 mM Tris/HC] buffer, pH 7.8, 
containing 1 mM DTT and 1 mM EDTA. 


Separation of cytosolic and nuclear fractions 


L6 myoblasts were suspended in the hypo-osmotic buffer con- 
sisting of 10 mM Hepes, pH 7.9, 0.1 mM EDTA, 0.1 mM EGTA, 
I mM DTT, 10 mM KCI, and 2 mM PMSF, and placed on ice 
for 15 min. The samples were homogenized twice in a Dounce 
homogenizer and centrifuged for 5 min at 500 g and then for 
30 min at 15000 g. The resulting supernatants are referred to as 
the ‘cytosolic fraction’. The pellets were resuspended ш the same 
volume of the lysis buffer consisting of 20 mM Tris/HCl, pH 7.5, 
150mM NaCl, 2mM EDTA, 1% Triton X-100 and 2mM 
PMSF. The samples were then centrifuged for 30 min at 15000 g. 
The resulting supernatants are referred to as the ‘nuclear 
fraction’. 


Immunoblot analysts 


To prepare polyclonal antiserum against UBP109, a multiple 
antigenic peptide, CSEMETDEPDDESSQDQE, derived from 
the internal sequence (625—641 residues) of the protein was 
synthesized (Nippon Roche Research Center, Kamacura City, 
Japan). This peptide, conjugated to keyhole-limpet haemocyanin, 
was subcutaneously injected into albino rabbits. From the anti- 
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serum, the anti-UBP109 IgGs were affinity-purified using the 
peptide linked to CNBr-activated Sepharose-4B (Sigma). For 
immunoblot analysis, SDS/PAGE was carried out using the 
cytosolic and nuclear fractions obtained from L6 myoblasts 
Proteins in the gels were transferred on to nitrocellulose mem- 
branes and incubated with the purified anti-UBP109 IgG [41]. 
The membranes were then incubated with the rabbit anti-IgG 
conjugated with horseradish peroxidase (HRP), and immuno- 
reactive bands were detected using 4-chloro-1-naphthol or 
an enhanced chemiluminiscence (ECL®) kit (Amersham- 
Pharmacia) 


Determination of subcellular localization of UBP109 


In order to generate mutations in three putative NLSs of UBP109, 
mutagenesis was performed by PCR to replace "!"RKKP, 
"USHKKR and "ККЕ by RIDP, HEDP апа IDER re- 
spectively, using oligonucleotide primers. The UBP109 cDNAs 
carrying each mutation were ligated into pcDNA3.1 and tagged 
with myc to their 5’-ends of the open reading frame. The 
resulting plasmids carrying the mutations ın the first, second and 
third sites are referred to as pcDNAmycl09-1, -2 and -3 re- 
spectively, and the plasmid containing the wild-type UBP109 
cDNA is referred to as pcDNAmyc109. 

NIH3T3 cells and L6 myoblasts were cultured in Dulbecco's 
modified Eagle's medium supplemented with 100 units/ml of 
penicillin and 1 ug/ml of streptomycin. The culture medium also 
contained 10 % (v/v) calf serum for NIH3T3 cells or 10% (v/v) 
fetal bovine serum for L6 myoblasts. Cells were then plated at 
4 x 10° cells/ml density on gelatin-coated glass coverslips. After 
culturing for 24 h, the cells were transfected with the recombinant 
pcDNA3.1 plasmids using LipofectAMINE PLUS (Gibco BRL) 
by following the procedure recommended by the manufacturer. 
The transfected cells were cultured for 3h, re-fed with the 
fresh culture medium supplemented with 10% serum, and 
further cultured for 24—48 h. 

For cell staining, the cultured cells on coverslips were fixed for 
10 min in 3.7 % (w/v) paraformaldehyde buffered with PBS and 
permeabilized with PBS containing 0.5 % (v/v) Triton X-100 for 
5 min. The coverslips then were blocked with PBS containing 
10% (v/v) goat serum and 0.1% (w/v) gelatin, and incubated 
for 1h with anti-myc monoclonal antibody in PBS contaming 
1% BSA. They were washed three times with PBS contain- 
ing 0.1% Triton X-100, incubated for 1h with fluorescein- 
conjugated goat anti-mouse IgG, and washed three times with 
PBS containing 0.1% Triton X-100. Stained cells were mounted 
on slide glasses with Vectshield (Vector Laboratories, 
Burlingame, CA, U.S.A.) and observed with a laser scanning 
confocal microscope (Carl Zeiss LSM 510) [42]. Samples were 
excited by a 488 nm argon laser, and the images were filtered by 
a long-pass 505 nm filter. 


RESULTS 
Cloning of ubp109 


Using an Е coli-based in vivo screening methods, we isolated a 
cDNA expressing de-ubiquitinating activity from rat skeletal- 
muscle cDNA library. The open reading frame specifying the de- 
ubiquitinating activity was identified by subcloning and nucleo- 
tide sequencing of the cDNA and named ubp109, since it encodes 
a 109 kDa protein (GenBank accession number AF106657) This 
cDNA has a stop codon (TAG at —12) within the short 5' 
untranslated region and Kozak consensus sequence (AAG- 
ATGG) [43]. The position of the start (ATG) codon of 
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M A E СО AA D LD TQRSDIA T LL к T SL к Сб р T W 30 
TATCTAGTAGATAGICGOGTGGTICAAACAGTGGAAAAAATATGTTGGCTTTGACAGTTGGGACAAATACCAGATGGGAGATCAAAATGTC 180 
Y L V DS R W F K QW K K Y VG FD SWDbD EK YQHMGDQNV 60 
TATCCTGGACCCATOGATAACTCIGGACTTCTCAAAGATGGCGATGCTCAGTCACTTAAGGAACACCTTATCGACGAGTITGGATTACATA 270 

Y Р GP : D N 3 З L LK DG DA 0 > L d = H L I D Ег Dr I 590 





| 360 
L LP TEGNWONEK LV Ss їн Y T. L ME G О Е P IA R K V V B Q 120 
GCE MAAGCACTGCAAAGTGGAR PACCTCACAGAACTGAAG GCGAGRATGGGAACE CAP ГААСТС 450 


cM FVKECKVEVYLTELKL CEN GNM NN V УТ R 150 
АСАТТТАССАААССТСАСАСААТАСАСАСААТТСААААОСАЈ : : Y: : 





R F S K ADT I DT IE KE I RK IT F WN I PDE К E A R L ч 180 
ААСААСТАТАТСАСТААСАСАТТТСАБССАСТСААТААСССАСАСАССАССАТССАСБСАТСССССССТАТАССААССАСАССТСТТАСТС 630 
N K Y М S N T F E PLN K Р DS T | О DA G L YQGQV L Y 210 
NTAGAACAAAAAAATGAAGACGGAACGTGGCCCAGGGGTCCCTCTG : GAAAAACTCCAATTA2 СССТСАТАТА 720 


TEQKNEDGTWPRGPSAPNVKNSNY CLP 5 Үт 240 





Ce кк у D ug ee о сулыш ee ee DB 
ATGAACTCAGCCATTCAGTGTTTGAGCAACACACCTCCACTIACTGAATATTICCTCAATGATAAGTACCAAGAAGAGCIGAATTTTGAC 900 
МЧ БАТ ОС и NTPPLUTEY FUND KY QEELN РЕ р 300 
ААТСС AGGCAATGAGAG AAATAGCTAAATCATATG АД; %ЪТСААССАСА е GAAP "ACTA CP CA 990 
N P 1 б М К С > Е IAKSYAELIKOQMWSGKFSIYWVTP 330 
AGAGCATTTAAGACACAAGTAGGACGTTTTGCACCTCAGTICICIGGATATCAACAGCAAGACTGCCAAGAACTACTAGCTTTCCTATTA 1080 
ВА ЕР К TQV б К Е А Р 0 > Е 5 С YQQQDCQELLAIFILILI 360 
GATGGATTACATGAGGATTT.GAATAGAATTAGGARABRAACCATATATCCAGTTAAAAGATGCIGATGGGAGGCCAGACARGGIGGITGCT 1170 
DGLHEDLNRI[R К K P]¥Y IQLKDADGRPODKVVA 390 
GAAGAACCCTCCGAAAACCATTTAAAAAGAAATGATTCTATCATAGTAGATATATTTCATGGCCTTTTICAAGTCTACGTTAGIGIGICC? 1260 
E E AW EN HLEKRNDSIIVDIFHGLFEKSTLVGCIS,P 420 
GAGTGTGCTAAGATCICAGIGACCTTCOGACCCTTTCTGTTACTTGACACTTCCATTGOCTATGAAAAAGGAACGTAGCTTAGARGTTTAT 1350 
E C AK ї 5 УТ > Е DP Е СҮ ЪТ 1 Р ЪЬ Р М К К БЕ К 5 LEV Үү 450 


L V RM Р Р ЇЇ АК Р М ОУ К УЁӨУ Т УР К Т б МЫ Т ә Ъ р Ь ЄС Т A L 480 
TCTGCTTTGTCGGGAGTACCTGCAGATAAGATGATAGTCACTGACATATATAATCATAGATTTCACAGGATATTTGCAATGGATGAGAAC 1530 
SAL S GV PADKMIVTODI Y NHR FEF HRI F AMD EN 510 
CTGAGTAGTATTATGGAGCGGGATGATATTTATGIGTTTGAAATTAACATCAACAGGACAGAAGACACAGAACATGTGGITATTCCTGTT 1620 
LS S IM ERODODIY V FEININRTE DT EHV V I Р V 540 
TGCCTAAGAGAAAAGTTCAGACACTCAAGTTACACTCACCACNCTGGCICPTCACTGTTCGGCCAGCCTTTTCTTATGGCCGTGCCACGG 1710 
CL R EK F RH SS Y THHTGSSLEFGQPFELM AV Р R 570 
AACAATACTGAAGATARACTCTACAATCTCCTGCICTTGAGAATGTGCOGGTATGTCAAGATGTCTACTGRAACTGAGGARACTGATGGA 1800 
NN T E DK L Y N L LLLRMCRYVEKMSTETEETDO 600 
CCCCTGCGTTGCTGTIGAGGACCAGAATATTAATGGGARATGGTCCAAATGGCATACATGAAGARGGCTCACCAMGIGAGATGGAGACAGAT 1890 
PLRCCEDOQNINGNGPNGIHEEGSPSEMETD 630 
GAACCAGATGATGZ CAGCCAGGATCAA(GAG CCCTCAGAABATGAGAACE \ GAAGA AGICGGAGGAGATAACGAT 1980 
E P D D Е 5 $ О Їр 0 Е 1 Р $ Е Н Е КМ $ О 5 Е р 5 у б б р м D 660 
TCTGAAAATGGATTGTGTACTGAAGAAACATGCARAGGTCGACTGACGGGACACABABRAGCGATTGTTTACATTCCAGTTCAACAACTITA 2070 
5ЕН б СТ Е ЕТ СК СК ЪТ G{H К K RJL FT FQ Е NN L 690 
СССААСАСТСАТАТСААСТАТАТСАААСАССАСАССАСССАТАТААСАТТТСАТСАТАСССАССТТССССТАСАТСАААСАТСТТТТСТС 2160 
GN T DIN Y IK DODTRH IRF DDRQLROLOD ERS FL 720 
GCCTTGGACTGGGACCCTGACTTGAAGAAGAGATATTTTGATGAGAATGCTGCAGAGGATTTTGAAAAACATGRARGCGTGGBATATAAA 2250 
Pa Жый ee ee ee eee ee oe 





P P K RP FV KOULK DC ТЕ 1 EF ТТ К ЕК LGA Е О PR Y C 780 
CCAAATTGTAAAGAGCCATCAGCAAGCCACCRAGARATTAGATCTGTGSGTCOCTOCOTCOCOTTICTIGTIGGTGCATCTICAAGAGATTCICS 2430 
P NCO K EB KEQQAT K K IL : L WSs L PPV E: V V HE L KRE S 810 
TATAGTCGCIACATGAGAGACAZ CAGATACATTAGIC OOCATCAGTG?Z GGA CGGAATTCCTAATTAACCCAAAT 2520 
Y S R Y M R DK LL DT L V D F P 1S8 DLDHM S E F LIN Р М 840 
GCAGGCCCTIGCCGCIATAATTTGATTGCTGTTTCCAATCACTATGGAGGGATGGGAGGAGGACATTATACTGCTTTTGCAAMSAACAAA 2610 
A G P C R Y N L I AV 8 N H ¥ G G MG GG HH Y TA F A KN К 870 
GATGATGGAAAGTGGTACTATTITIGATGACAGTAGCGTCTCCAGTGCATCTGANGACAAATTGTGICCAAAGCAGCATACGTGCTCTTC 2700 
D D GG KW XY Ү Ер [1 О 5 Sv gs’ § AS ED © I V S KARAY V 1 Е 900 
TACTCAGAGACAGGACT CAGTGGAP СЭ CGACTGAGAAL A3 CAG CCACAG COCO 279 
Y Q R Q@ DT F S GT GF F P LD R Е Т К GAS А А Т б У Р 1, S30 
GABAGTCACGAAGACAGCAATGATAATGACAATGATCTAGAARATGARAACTGTATGCCACACTAATTAATGARAGTCCAAGAAGCCATAC 2880 
E 5S D ED § NODN DN DL EN EN CM H T N * 952 





Figuras 1 Nucleotide sequence of the UBP109 cDNA and deduced amino acid sequence of the UBP109 protein 


The nucleotides are numbered on the nght, beginning at A of the presumed start codon The amino acid residues are also numbered on the nght The asterisk indicates the TAG stop codon 
The regions with the bold characters are the conserved Cys, Asp, and His domains, the boxed regions are the putative NLS motifs, and the underlined regions are the Ab-binding motifs 
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Figure 2 Expression of the UBP109 mRNA In various rat tissues and 
haman carcinoma cells 


(А) Northam-biot analysis for expression of UBP109 mRNA In varlous rat tissues Lane a, 
skeletal muscle, lane b, heart; lane c, brain, lane d, ovary, lane e, testis, lane f, kidney, lane 
д, spleen, lane h, liver. (B) Northern-blot analysis for expression of UBP109 mRNA in various 
carcinomas Lane a, L6 (rat myoblast), lane b, HeLa, lane c, Jurkat: lane d, HepG2; lane a, 
U937 (human premyeloma), lane f, Hep3 (human squamous carcinoma), lane g, SH-SY5Y 
(neuroblastoma); lane h, H1299 (lung carcinoma), lane i, Saos-2 (human osteosarcoma), lane 
J, FLF (human primary fibroblast) The gels were also stained with ethidium bromide prior to 
autoradiography to reveal the nbosomal RNAs (lower panels) 


ubpl09 was inferred to yield the 2856 bp open reading frame, 
which encodes a protein consisting of 952 residues (109 255 Da) 
(Figure 1). From the deduced amino acid sequences, the pI was 
estimated to be 4.98. 

Sequence alignment demonstrated that UBP109 had the Cys 
and His domains, which is typical for DUBs, and showed 98.2 94 
amino acid sequence identity with USP15, which is a recently 
reported human UBP, and about 60% identity with Unps of 
human and mouse, which also are UBPs. Thus UBP109 is a rat 
homologue of human USP15. The deduced amino acid sequence 
contained three putative NLSs, based on their similarity to the 
NLS domain of p53 protein [23]. In addition, three motifs 
common to proteins that physically associate with Rb protein 
were also found (Figure 1). 


Expression of UBP109 mRNA 


To investigate the expression of UBP109 mRNA, Northern- 
blot analysis was performed using the ?*P-labelled 5'-region 
of Ubp109 (367 bp fragment) as a probe. À single transcript of 
about 3.7 kb was detected in various rat tissues. The size of the 
UBP109 cDNA, consisting of 2856 bp and poly(A) tail, corre- 
sponded well with the estimated size of the transcript (Figure 


Figure 3 Localization of the UBP109 mRNA In rat embryos and rat aduk 
tissues by /n situ hybridization 


Negative film image of sn situ hybridization of a parasagittal section was developed for 12—20- 
day-old rat embryos (A—J respectively) with 2-day intervals and for rat adult tissues (K and L) 
An UBP109 antisense mRNA probe was used for (AE), (К) and (1), and a sense probe was 
used for (F)-(J) Br, brain, Ht, heart, In, intesting, Ki, kidney, Li, Iver, Lu, lung, Sc, spinal 
cord, Sp, spleen, Ts, testis. 


2A). Interestingly, expression of the UBP109 mRNA was the 
highest in testis and spleen, although it was also detected in 
the other tissues tested. 

The UBP109 protein is the sequence most closely related to 
Unp, a candidate for tumour suppressor, sharing about 60% 
sequence identity. The gene for USP15, a human homologue of 
rat UBP109, is localized to chromosome band 124914, a region 
where breakage or amplification in various carcinomas has been 
reported. In an attempt to determine the relationship of UBP.109 
with cancer, we examined the expression of UBP109 mRNA in 
various carcinoma cell lines (Figure 2B). The UBP109 mRNA 
was expressed to various extents among the samples, to high 
levels especially in lymphoma cells (U937), but there was little or 
no expression in cervical carcinoma (HeLa), hepatoma (HepG2) 
and neuroblastoma (SH-SY 5Y) cells. Interestingly, an extra faint 
band was detected only in non-transformed cells, such as L6 
myoblasts and FLF human primary fibroblast cells (indicated by 
an asterisk). However, it remains unknown whether the extra 
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Figure 4 ‘Purification of UBP109 from Е. coli 


(A) The UBP109 enzyme preparation obtained from the CM-Sepharose column was 
chromatographed on a Q-Sepharose column as described in the text Fractions (1 ml each) were 
collected, and aliquots (5 41) of them were assayed for their ability to hydrolyse 10 шо of 1%- 
labelled Ub-PESTc (@). Incubations were performed for 1h at 37°C Proteins were 
determined by their absorbance at 280 nm (©) The diagonal dotted line shows the linear 
gradient of NaCl (B) Aliquots (50 zl each) of the peak fractions were subjected to SDS/PAGE 
on an 8% slab gel containing SDS and 2-mercaptoethanol, followed by staining with Coomassie 
Blue R-250 


band represents an isoform of UBP109 or a differently spliced 
product. 

Upon m situ hybridization we also localized the UBP109 
transcript on the parasagittal whole-body sections of 12—20-day- 
old rat embryos (referred to as E12—-E20), as well as on adult 
tissue sections (Figure 3). Expression of the UBP mRNA in the 
liver was dramatically increased during the E14—E16 stage 
(Figures 3B and 3C) and gradually reduced thereafter. In the 
spinal cord, the mRNA level reached a maximum at E16 (Figure 
3C) and rapidly declined during the E18—-E20 stage (Figures 3D 
and 3E). The signal in the brain was also detected from E16, but 
dechned more slowly than that in the spinal cord at the later 
stage. On the other hand, the UBP109 mRNA began to appear 
in the intestine at E20 (Figure 3E) Little or no UBP109 mRNA 
was detected when the same experiments were performed using a 
sense probe (Figures 3F—3J) Interestingly, expression of the 
UBP109 mRNA was localized almost exclusively to the outer 
layer of the intestine in the adult tissue (Figure 3K) as well as in 
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Table 1 Summary of tha purification of UBP109 


A unit of the enzyme activity was defined as 1 дй of Ub-PESTc cleaved to acid-soluble 
products/h. 


Pratein Total activity Specific actrvity Recovary 
step (mg) (units) (units/mg) (%) 
Crude extract 1000 37024 37 100 
NTA—agarose 15 12308 1026 33 
DEAE-Sepharose 12 10837 9031 29 
CM-Sepharosa 05 6875 13750 18 
Q-Sepharose 02 3080 15385 83 





the embryo (Figure 3E). In accord with the Northern-blot data, 
both of the adult spleen and testis tissues strongly expressed the 
UBP109 transcript (Figures 3K and 3L). On the other hand, little 
or no signal was detected 1n the other adult tissues, unlike the 
results of Northern-blot analysis, which used concentrated RNA 
preparations. These results suggest that expression of the UBP109 
mRNA 1s regulated during embryonic development and is tissue- 
specific in adults. 


Purification of UBP109 


To purify the UBP109 protein, crude extract (1 g) was prepared 
from 12 р of E. coli cells that had been transformed with pQE31- 
Ubp109. During purification, the enzyme activity was monitored 
by determining its ability to hydrolyse !'*T-labelled Ub-PESTc. 
The extracts were applied to an NTA-agarose column 
(1 cm x 5 ст) equilibrated with 50 mM phosphate (pH 7.8)/ 
0.3 M NaCl, The column was washed with the phosphate buffer 
containing 35 mM imidazole, adjusted to pH 6.8. Proteins bound 
to the column were eluted with a linear gradient of 35-200 mM 
imidazole Fractions with high activity were pooled and dialysed 
against buffer A (20 mM Тгіѕ/НСІ/5 mM 2-mercaptoethanol/1 
mM EDTA/10% glycerol, pH 7 8). The dialysed sample was 
applied to a DEAE-Sepharose column (1 cm x 5 cm) equilibrated 
with buffer A, and the column was washed with the same buffer. 
The bound proteins were eluted with a linear gradient of 
0-300 mM NaCl. Fractions with high activity were pooled and 
dialysed against 20 mM phosphate buffer, pH 6 5, containing 
5 mM 2-mercaptoethanol, 1 mM EDTA and 10% glycerol. The 
dialysed sample was applied to a CM-Sepharose column 
(lemx5cm) equilibrated with the phosphate buffer. After 
washing the column, proteins bound to the column were eluted 
with a linear gradient of 50-350 mM phosphate. Fractions with 
high activity were pooled and dialysed against buffer A. The 
dialysed sample was applied to a Q-Sepharose column 
(1 cm x 5 cm) equilibrated with buffer A, and the bound proteins 
were eluted with a linear gradient of 0-300 mM NaCl Fractions 
under the symmetric peak of the Ub-PESTc-degrading activity 
(Figure 4A) were pooled, dialysed against buffer A, concentrated 
by ultrafiltration, and kept frozen at —70°C until use A 
summary of the purification protocol is shown in Table 1 

The size of the enzyme was estimated to be about 120 kDa 
upon chromatography on a Sephacryl S-300 column (1 cm x 
30 cm) equilibrated with buffer A containing 0.1 M NaCl (results 
not shown). It also ran as a single protein of 118 kDa upon 
analysis by SDS/PAGE (Figure 4B). Since the enzyme was ex- 
pressed as a poly-His-tagged fusion protein, 1t ran larger than 
109 kDa under both non-denaturing and denaturing conditions. 
These results indicate that UBP109 consists of a single poly- 
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(A) Reaction mixtures contained 10 ng of the purrfied UBP109 and 10 ug of '*I-laballed Ub-PESTc [(0 5—1) x 10° c p m /ug)] in 100 mM Tris/HCl (pH 7 8/1 mM EDTA/1 mM dithtothreltol/5% 
glycerol The mixtures were incubated for vanous penods at 37 °C in the absence (CE) or presence (@) of 10 ug of poly-L-Lys (B) Assays were performed as described for (A), but in the presence 
of increasing concentrations of the substrate Note that the scale on the axis in each panel rs drfierent 


Biochemical properties 


To determine the time-dependent hydrolysis of }**J-labelled Ub- 
PESTc by the purified UBP109, assays were performed by 
- incubation of the enzyme at 37 °С for various periods. Poly-r- 
Lys has been shown to markedly stimulate the Ub-PESTc- 
hydrolysing activity of YUH as well as of most UCHs identified 
in chick skeletal muscle [35]. Therefore the enzyme assay was also 
performed in the presence of 10 ug of poly-L-Lys. As shown in 
Figure 5(A), the polycationic agent activated the enzyme activity 
nearly 100-fold. In addition, the rate of Ub-PESTc hydrolysis 


increased linearly with time at least for 1h under the assay - 


conditions. This extent of activation was much higher than that 


observed with any other DUBs, including YUH I or chick UCH6 ^ 


[35]. Using a double-reciprocal plot of the data, the К, for Ub- 
PESTc was estimated to be 1.67 and 104 4M in the presence and 
absence of poly-L-Lys respectively (Figure 5B). On the other 
hand, little or no change was observed for the V... value upon 
treatment with poly-L-Lys. These results indicate that the ac- 
tivation of the enzyme activity by poly-L-Lys is due to a marked 
increase in the affinity of the Ub-PESTc substrate to UBP109. 

We also examined the effects of various protease inhibitors N- 
ethylmaleimide (1 mM), a thiol-group-blocking agent, almost 
completely blocked the activity of UBP109 against Ub-PESTc. 
Ub-aldehyde (I 4M), which is a specific inhibitor of DUBs, also 
strongly inhibited the enzyme activity. On the other hand, little 
or no effect was observed upon treatment with o-phenanthroline, 
a metal chelating agent, or PMSF, which is a serine-protease 
inhibitor (results not shown) 


Hydrolysis of Ub precursors and poly-Ub—protein conjugates 


In order to determine the substrate specificity of UBP109, the 
purified enzyme was incubated with various Ub-«NH-protein 
extensions, such as Ub-DHFR, Ub-CEP80 and His-penta-Ub. 
After incubation, the samples were subjected to SDS/PAGE 
using 4, 10, and 16% discontinuous slab gels as described 
previously [35], followed by staining with Coomassie Blue R-250. 
As a control, hydrolysis of Ub-PESTc was also determined under 


the same conditions. UBP109 was capable of generating free Ub 
from all of the substrates tested (Figure 6A). To determine 
whether UBP109 can release free Ub from Ub-M-f-gal under in 
vitro conditions, the purified enzyme was incubated with the 
extracts of Е, coli MC1000 cells that had been transformed with 
pACUb-M-f-gal. The samples were then subjected to immuno- 
blot analysis using an anti-f-gal antibody. Figure 6(B) shows 
that UBP109 can rapidly hydrolyse Ub-M-f-gal. These results 
indicate that the purified UBP109 is capable of cleaving the C- 
terminus of the Ub moiety in natural and engineered fusions 
irrespective of their sizes. 

We then examined whether UBP109 could also release free Ub 


_ from poly-Ub-eNH-protei conjugates The substrates were 


prepared using !?*I-labelled Ub and fraction П of rabbit 


. reticulocytes and incubated with the purified UBP109 followed 


by SDS/PAGE. As shown in Figure 6(C), the amount of high- 
molecular-mass poly-Ub-protein conjugates was significantly 
decreased with a concomitant increase in the amount of Ub band 
upon incubation in the presence of the enzyme compared with 
that 1n its absence (Figure 6, lanes b and c respectively). On the 
other hand, treatment with N-ethylmalemnide (1 mM) or Ub- 
aldehyde (1 uM) almost completely prevented the generation of 
free Ub (Figure 6, lanes d and e respectively). These results 
indicate that UBP109 15 capable of releasing free Ub from 
branched poly-Ub chains conjugated to proteins. 


Subcaellular localization of UBP109 


UBP109 has three putative NLS motifs (see Figure 1). To deter- 
mine the subcellular localization of UBP109, we first separated 
the lysates of cultured L6 myoblasts into cytosolic and nuclear 
fractions The same aliquots of the fractions were then subjected 
to immunoblot analysts using the purified anti-UBP109 IgGs 
As shown in Figure 7(A), the intensity of the UBP109 protein 
band in the cytosolic fraction was about the same as that in the 
nuclear fraction. Tubulin-f protein is shown as a cytosolic 
marker protein. These results strongly suggest that UBP109 
localizes to both the cytoplasm and the nucleus. 
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Figure 6 Hydrotysls of various Ub-xNH-protein extensions and the 
branched poly-Ub—proteln conjugates by UBP109 


(A) Aliquots (5 до each) of the purified Ub-PESTc (lanes b), Ub-CEP80 (lanes c), Ub-DHFR 
(lanes d), and His-penta-Ub (lanes в) were incubated alone (— lanes) or with 02 ug of 
UBP109 (+ lanes) for 2 h at 37 °C As a control, Ub alone (lane a) was also incubated After 
incubation, the samples were subjected to SDS/PAGE on discontinuous gels Proteins in the 
gels were then revealed by staining with Coomassie Blue R-250. (B) The extracts (100 ug) 
obtained from E сой MC1000 cells expressing Ub-M- -gal were Incubated alone (— lane) 
or with 02 ug of UBP109 (+ lane) for 2 h at 37°C After incubation, the samples were 
electrophoresed as in Figura 4, followed by immunoblot analysts using an anti-£-gal antibody. 
The arrowheads indicate Ub-f-gal (upper) and /7-gal (lower) (C) Poly-Ub—protein conju- 
gates were prepared by incubating 'l-labelled Ub and rehculocyte lysate frachon !| The 
12) Jabellad-Ub—protein conjugates were then incubated alone (lane b) or with 0 2 ug of UBP109 
In the absence (lana c) and presence of | mM A-ethylmaleimide (lane d) or | «М Ub-aldehyde 
(lane e) for 2 h at 37 °C After incubation, the samples were subjected to SDS/PAGE as in (A), 
followed by autoradiography Lane a indicates '^"t-Labelled Ub incubated alone 


In order to clarify further the localization of UBP109, NIH3T3 
cells were transfected with pcDNAmyc109 expressing myc-tagged 
UBP109. The cells were then subjected to immunostaining with 
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an anti-myc antibody, followed by confocal microscopy. Figure 
7(B) shows that the cells are stained 1n the nucleus as well as in 
the cytoplasm, confirming that UBP109 ıs locahzed to both 
of the subcellular fractions. Similar data were obtained when the 
same experiment was performed using L6 myoblasts (results not 
shown). To find out which of the three putative NLS motifs is 
responsible for nuclear translocation of UBP109, we generated 
mutations in each of the motifs. The mutated cDNAs in 
pcDNA3.1 were transfected into NIH3T3 cells, followed by 
confocal microscopy. Transfection of pcDNAmyc109-1 and -2, 
in which *"" RKKP and "*HKKR were replaced by RIDP and 
HEDP respectively, did not show any effect on the localization 
of UBP109 (Figures 7C and 7D respectively). Strikingly, the 
enzyme was exclusively localized to the cytoplasm of the cells 
transfected with pcDNAmycl09-3, in which "*5LKKR was 
substituted with IDER (Figure 7E). These results indicate that 
the third NLS motif (ККЕ) is responsible for nuclear 
localization of UBP109. 


DISCUSSION 


In the present study we have cloned a cDNA that encodes the 
109 kDa UBP protein, UBP109, from rat skeletal-muscle cDNA 
library. We have also purified the protein to apparent hom- 
ogeneity upon expression in FE. coli and demonstrated that the 
purified enzyme 1s capable of releasing free Ub, not only from 
linear Ub-protein conjugates, such as Ub-CEP80, Ub-DHFR, 
His-penta-Ub, and Ub-f-gal, but also from branched poly-Ub- 
protein conjugates. Thus it appears likely that UBP109 plays an 
important role in generation of free Ub molecules from its 
precursors and in recycling and/or ‘trimming’ of Ub from poly- 
Ub-protein conjugates. Of interest is the finding that poly-L-Lys 
dramatically stimulates the activity of UBP109 on Ub-PESTc. 
Its stimulatory effect appears to be due to an increase in the 
affinity of the substrate for the enzyme, perhaps through 
neutralizing the negative charge in the ‘PEST’ sequence of Ub- 
PESTc fusion. However, the mechanism for the activation of the 
UBP109 activity by poly-L-Lys remains unclear, because other 
polycationic agents, such as histone, spermine and putrescine, 
show little or no effect on the enzyme activity, similar to the chick 
UCH 6 that is activated by poly-L-Lys but not the others [35]. 
Recently, Baker and co-workers [28] have cloned an UBP 
cDNA using KIAA0529 human cDNA and designated its 
product as USP15. They also showed that USPI15 has about 
6095 sequence identity with human and mouse Unps. Amino- 
acid-sequence analysis has revealed that the rat UBP109 shows 
as much as 98.2% sequence identity with human USP15. Thus 
UBP109 is a homologue of human USPI15, and these two 
enzymes are closely related to the human and mouse Unps but 
are not their homologues. Interestingly, all of these UBP enzymes 
contain three putative NLS motifs in addition to multiple Rb- 
binding sequences and the conserved Cys/His domains that are 
a characteristic of DUBs. Their short, putative NLS sequence is 
atypical XKK X, where X is any residue, as has been found in the 
RC3 and КС subunits of rat proteasome [44—46] and subunit 
YC7-a« of yeast proteasome [47], and appears sufficient for their 
nuclear translocation [48]. The presence of this motif is consistent 
with our finding of UBP109 in the nuclear fractions of L6 
myoblasts. However, contrary to the report that human Unp 
exclusively localizes to the cytosolic fraction of HeLa cells and 
that mouse Unp exists predominantly in the nucleus of NIH3T3 
cells [22,26], UBP109 was found in both the nucleus and the 
cytoplasm of NIH3T3 cells, as well as of L6 myoblasts. More- 
over, we found that, among the three putative NLSs only the one 
located nearest to the C-terminus was responsible for nuclear 





Figure 7 Subcellular ipcallzation of UBP109 In cells 
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L6 myoblasts cultured for 72 h (A) were harvested and fracbonated into cytosolic and nuclear frachons as described in the Expenmental section The same volume of each fraction was subjected 
to SDS/PAGE as in Figure 4, followed by immunoblot analysis using the purified ant-UBP109 IgGs Lane c and lane n indicate the cytosolic and nuclear fractions respectively. f-Tubulin was 
also used as a cytosolic marker protein NIH3T3 cells were transfected with pcDNAmyc109 (B), рсОМАтус1 09-1 (€), pcDNAmyc109-2 (D) or pcDNAmyci09-3 (E). After transfection, the celis 
ware stained and observed under a confocal laser scanning microscope as described in the Expenmental section 


translocation of UBP109. Perhaps the different localization of 
the Unp and UBP109 family reflects the specific role of each 
enzyme in different tissues with different substrates. 

Of particular interest is the finding that the expression of 
UBP109 transcript 1s developmentally regulated upon analysis 
by in situ hybridization. In the liver and the spinal cord, the 
UBP109 mRNA was strongly expressed during Е12-Е14 and 
disappeared at the later stage of embryonic development. In the 
brain, the signal began to appear at E16 and became more 
intense at the later stages. However, the UBP109 mRNA could 
be detected in none of the adult tissues. On the other hand, in 
the intestine, the UBP109 mRNA was detected from E20 and 
more intensely at adult stage. Thus it appears likely that the 
UBP109 enzyme plays an important role during embryonic 
development, although its specific function in each organ is 
unknown. 

Moreover, the extremely high expression of UBP109 mRNA 
in specific adult organs such as the spleen and the testis implies 
specific functions of the enzyme in those tissues. As for the testis, 
UBP109 may be involved in cell proliferation or spermiogenesis. 
Recent evidence suggests that the Ub/proteasome system is 
involved in the loss of most of the cytoplasm occurring during 
spermiogenesis [49,50]. UBP109 may activate the proteasome- 
mediated degradation of the cytoplasmic proteins by generation 
of free Ub from tts precursors and/or recycling or ‘trimming’ of 
Ub from poly-Ub-protein conjugates. The abundance of UBP109 
mRNA in both the. fetal liver and the adult spleen could 
also suggest its additional role in haematopoiesis. There have 
been several reports of DUBs involved in haematopoiesis, such 
as murine DUB-1, which shows significant similarity with Unps 
and is proposed to be a product of hematopoietic-specific 


immediate early gene induced by interleukin-3 and interleukin-5 
[18,51]. In addition, the recently reported UBP43 [52], which 1s 
highly expressed in fetal liver, has also been suggested to play an 
important role in hematopoietic cell differentiation. UBP109 
may also involve in hematopoiesis occurring initially 1n the fetal 
liver and then in adult spleen. Since during haematopoiesis a 
common stem cell becomes commutted to differentiate along 
particular lineage by specific cytokines, and since specific cyto- 
kines induce specific genes, which include some UBP genes, it 
seems possible that different cytokines induce different UBPs 
with distinct substrate specificity and that the induced 
UBPs cleave different substrates involved in the formation of 
various types of the blood cells. 

The gene for USP15, a human homologue of rat UBP109, has 
been shown to localize to chromosome band 12414, a different 
location from that for human Unps (3p21.3). In many 
carcinomas, disturbance of chromosome 12 1s frequently found. 
Breaks occur in a broad region of chromosome 12, 12q13-q15, in 
lipomas [29]. Amplification of 12q14-15 and 12q14-21 sequences 
has also been found in the neuroblastoma cell line NGP [30] and 
in both mucinous ovarian neoplasmas and Brenner tumours 
respectively, which sometimes co-exist in the same patient [31]. 
In addition, UBP109 was found to show approx. 60 95 sequence 
identity with human Unph, which is proposed to be a proto- 
oncogene product related to tre-2, leading us to consider a 
possible involvement of UBP109 in tumorigenesis. Although we 
have no evidence connecting UBP109 to cancer, the expression 
of UBP109 mRNA was found to vary markedly among different 
carcinomas, compared with non-transformed cells, including 
human primary fibroblasts and rat L6 myoblasts. For example, 
the level of UBP109 mRNA is strongly expressed in human 


© 2000 Biochemical Soclety 


452 К. C. Park and others 


premyeloma (U937), whereas little or none 1s detected 1n cervical 
carcinoma (HeLa), hepatoma (HepG2) and lung carcinomas 
(H1299). In addition, it is noteworthy that a smaller transcript, 
which reacts with the UBP109 cDNA probe, is present in the 
non-transformed cells but not 1n any of the tumour cell lines 
tested (see Figure 2B). Thus it is tempting to speculate that 
UBP109 may be involved in the regulation of cell growth, 
although we do not have any evidence that there exists any 
aberration of the chromosome 12q14 region in the carcinoma 
cell samples we used. 

The presence of Rb-binding motifs in UBP109 also suggests a 
possible role of the enzyme 1n cell-growth regulation. Recent 
evidence has shown that Rb is a target for ubiquitination [53]. 
UBPs containing Rb-binding motifs, including UBP109, may act 
as a proto-oncogene product through participation in the Rb 
degradation and in turn overcoming the inhibitory effect of 
Rb on the cell cycle. On the other hand, there is a report showing 
that the level of Unp in lung-carcinoma cell lines is rather 
decreased, compared with normal cells [22]. Moreover, Unp has 
been reported to interact with Rb in mouse cells as well as under 
in vitro conditions [28], suggesting a possibility that Unps are 
involved in stabilization of Rb rather than its degradation and 
hence in cell-growth regulation. Thus it 1s again tempting to 
speculate that UBP109 may also participate in regulation of cell 
growth through an Rb-mediated pathway, although the binding 
of UBP109 with Rb has not yet been corroborated. 
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In contrast to neutrophils or B-lymphocytes, cells of the mono- 
cytic lineage like rat macrophages, human peripheral blood 
monocytes and Mono Mac 6 cells contain a strong inhibitor of 
5-lipoxygenase (5-LO) activity, which scavenges hydroperoxides 
and inhibits 5-LO activity in broken-cell preparations in the 
absence of exogenously added thiols. Chromatographic purifi- 
cation of the inhibitor from the human monocytic cell line Mono 
Mac 6 and amino acid sequence analysis revealed that the 
inhibitory factor is glutathione peroxidase-1 (GPx-1). In contrast 
to the peroxidase activity of GPx-1, 5-LO inhibition by GPx-1 
was supported by f-mercaptoethanol and there was no absolute 
requirement for millimolar concentrations of glutathione or 
dithiothreitol. These cofactor characteristics suggest that both 
activities address distinct catalytic properties of GPx-1. 5-LO 


inhibition by GPx-1 was not due to direct GPx—5-LO protein- 
protein interactions, since GPx-1 did not bind to immobilized 5- 
LO. Interestingly, 5-LO derived from granulocytes was sig- 
nificantly more resistant against GPx-1 inhibition than B- 
lymphocytic 5-LO, which correlates with the respective cellular 
5-LO activities. In summary, the data suggest that, in addition to 
previously reported phospholipid hydroperoxide glutathione 
peroxidase (GPx-4), GPx-1 is an efficient inhibitor of 5-LO even 
at low thiol concentrations, and is involved in the regulation of 
cellular 5-LO activity in various cell types. 


Key words: inflammation, leukotriene, B-lymphocyte, Mono 
Mac 6 cell. 





INTRODUCTION 


Leukotrienes are mediators of inflammatory responses that can 
be formed ш a variety of cells of myeloid origin like granulocytes, 
monocytes/macrophages, mast cells and dendritic cells and in B- 
lymphocytic cells after stimulation. 5-Lipoxygenase (5-LO) 
catalyses the biosynthesis of leukotriene A, from arachidonic 
acid, which can be subsequently transformed into leukotriene B, 
or leukotriene C, by leukotriene A, hydrolase or leukotriene C, 
synthases, respectively [1,2]. In resting neutrophils, Mono Mac 6 
cells and HL-60 cells, 5-LO 1s localized in the cytosol and it was 
shown for neutrophils that 5-LO translocates to the nuclear 
membrane after cell stimulation where it interacts with FLAP (5- 
LO-activating protein) [3—5]. The cellular capacity for leukotriene 
biosynthesis is upregulated during myeloid cell maturation. It 
has been shown that 5-LO mRNA and protein expression 
increases during differentiation m vitro of the human pro- 
myelocytic cell line HL-60 by DMSO or 1,25-dihydroxyvitamin 
D, (VD3) [5,6]. When expression of 5-LO protein and activity 
was studied in detail, it became evident that DMSO differentiation 
of HL-60 cells or differentiation of Mono Mac 6 cells with either 
transforming growth factor 61 (TGF) or VD3 induces ex- 
pression of 5-LO protein but no or only low cellular 5-LO 
activity [7,8]. In HL-60 cells, addition of TGF is required for 
upregulation of cellular 5-LO activity dunng DMSO-induced 
differentiation [9]. Moreover, we could show that VD3 and 


a ТСЕ upregulate cellular leukotriene synthesis in DMSO-dif- 
'  ferentiated HL-60 cells by induction of a peroxidase-insensitive 


5-LO catalytic activity [10]. B-lymphocytes and B-lymphocytic 
cell lines constitutively express 5-LO protein but there is no 
detectable enzyme activity after stimulation with ionophore and 
arachidonic acid. Recently, several groups including ours showed 
that the phospholipid hydroperoxide glutathione peroxidase 
(GPx-4) is responsible for the suppression of 5-LO activity in a 
variety of cell types like B-lymphocytes, A431 cells, RBL-2H3 
cells and immature HL-60 cells [10—12]. In addition to their 
function in the regulation of cellular 5-LO activity, glutathione 
peroxidases (GPxs) also play an important role in the 5-LO 
inhibition by non-redox-type inhibitors. Recently, it was shown 
that the inhibitory potency of several non-redox-type 5-LO 
inhibitors strongly depends on GPxs and that increased peroxide 
levels lead to impaired efficacy of inhibitors like ZM 230487 or 
L-739,010 [13]. 

In contrast to neutrophils, cytosol from rat alveolar and 
peritoneal macrophages and from human peripheral blood 
monocytes contains a strong inhibitor of 5-LO activity [14,15]. 
Initial characterization of the inhibitor demonstrated that it is a 
protein that scavenges hydroperoxides. Accordingly, we observed 
a strong 5-LO inhibitory activity 1n the cytosol of Mono Mac 6 
cells which inhibited 5-LO activity in broken-cell preparations in 
the absence of exogenously added thiols, as reported for various 
monocytic cell types [15]. Here, we show that the endogenous 
inhibitor is glutathione регохійаѕе-1 (GPx-1) and that this 
enzyme is a very effective suppressor of 5-LO activity in intact 
cells and in broken-cell preparations even at low concentrations 
of thiols. 


Abbreviations used. 5-LO, 5-lipoxygenase, TGFE, transforming growth factor £1, VD3, 1.25-dihydroxyvitamin D,; DTT, dithiothreitol, GPx, glutathione 
peroxidase, GPx-1, glutathione peroxidase-1, GPx-4, phospholipid hydroperoxide glutathione peroxidase, FCS, fetal calf serum, MALDI-TOF, matnx- 
assisted laser-desorption lonization-time-of-flight, 5-HPETE, 5-hydroperoxyeicosatraenoic acid, TRAP-1, TGFfi-receptor-l-associated protein-1 
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MATERIALS AND METHODS 
Materials 


RPMI 1640 medium was from Gibco and fetal calf serum (FCS) 
was obtained from Boehringer Mannheim. Insulin was a gift 
from Aventis (Frankfurt, Germany). VD3 was kindly provided 
by Dr H. Wiesinger (Schering AG, Berlin, Germany). Human 
TGFf was purified from outdated platelets according to [16]. 
HPLC solvents and f-mercaptoethanol were from Merck (Darm- 
stadt, Germany). Dithiothreitol (DTT), bovine GPx-1 (G6137), 
human GPx-1 (G4013), glutathione reductase and selenium 
dioxide were purchased from Sigma (Deisenhofen, Germany). 
GSH and NADPH were obtained from Serva (Heidelberg, 
Germany). Polyclonal anti-human GPx-1/catalase antibody was 
purchased from Dunn Labortechnik (Asbach, Germany). 


Cells 


Mono Mac 6 cells were kindly provided by Dr H W. L. Ziegler- 
Heitbrock (Institute for Immunology, Universty of Munich, 
Munich, Germany) and cultured in RPMI 1640 as described in 
[17]. Cultures were seeded at a density of 3 x 10° cells/ml BL41- 
E95A cells were kindly provided by Dr Hans-Erik Claesson 
(Karolinska Institute, Stockholm, Sweden) and maintained in 
RPMI 1640 medium containing 10% (v/v) heat-inactivated 
FCS, 100 ug/ml streptomycin and 100 units/ml penicillin. Cul- 
tures were seeded at a density of 2 x 10* cells/ml. All cell lines 
were maintained in a humidified atmosphere of air at 37 °C and 
6% CO, For serum-free culture of both cell lines, serum was 
replaced by 5 ug/ml human transferrin, 10 ug/ml bovine insulin 
[18] and 1 g/ml catalase. Cells were cultured in serum-free 
medium for at least 2 passages before experiments were started 
(1 passage corresponds to 3 or 4 days). Granulocytes were 
isolated from human peripheral blood buffy-coat preparations 
derived from healthy donors at St. Markus Krankenhaus 
(Frankfurt, Germany) as described previously [19]. 


Determination of 5-LO activity 


Homogenates and 100000-g supernatants were prepared and 5- 
LO activity was determined as described by Werz and Steinhilber 
[10]. 5-LO activity is expressed as ng of 5-LO metabolites/10* 
cells, which includes the all-trans isomers of leukotriene B,, 
leukotriene B,, and 5-hydroxy-6,8,11,14-eicosatetraenoic acid. 


Determination of 5-LO inhibitory activity 


As shown previously, 100000-g supernatants of Mono Mac 6 
cells dose-dependently inhibit the 5-LO activity of BL41-E95A 
100000-g supernatants in the presence of f-mercaptoethanol 
[20]. Thus inhibition of 5-LO activity of BLAI-E95A 100000-g 
supernatants was used to monitor inhibitory fractions from 
Mono Mac 6 preparations. Aliquots of the fractions obtained 
during chromatographic purification of the inhibitor were added 
to 1 ml of BL41-E95A 100000-g supernatants (corresponding to 
10° cells) and 5-LO activity was determined ın the presence of 
0.5 mM f-mercaptoethanol as described 1n [10]. 


Determination ot GPx activity 


Method A: GPx activity was measured by the indirect glutathione 
reductase-coupled method described by Wendel [21], and 1 unit 
of GPx activity was defined as the conversion of 0.5 umol of 
NADPH to NADP" per min at 37 °C and 1 mM GSH. Cellular 
GPx activity is expressed as m-units/10® cells. 

Method B: co-substrate specificity was determined by a slightly 
modified GPx assay described by Cha and Kim [22]. Reaction 


© 2000 Biochemical Soctety 


mixture (100 д1) containing 5 mM thiol and GPx (13 m-units) in 
PBS, pH 7.0, was incubated at 37 ?C and the reaction was started 
by addition of 12.6 ul of cumene hydroperoxide (1 5 mM final 
concentration). After 1, 3, 5 and 7 min, 20 д1 of the reaction 
mixture was added to 0.8 ml of a trichloroacetic acid solution 
(12.595, w/v) to stop the reaction. Subsequently, 0.2 ml of 
10 mM Fe(NH,),(SO,), and 0.1 ml of 2.5 M KSCN were added 
and the complex was developed for at least 3 min, giving a purple 
colour. Cumene hydroperoxide concentration was calculated 
after measuring the absorbance at 480 nm using a molar ab- 
sorptivity of 8703. For each measurement, the non-enzymic 
reaction was assessed without GPx-1. 


Purification of a cytosolic 5-LO Inhibitor from Mono Mac 6 cells 


Cells were cultured in FCS medium supplemented with Se“ 
(5 ng/ml). After cell harvest, a 100000-g supernatant was pre- 
pared as described 1n [10] and applied directly to a Sephacryl S- 
200 column (1.6cmx62cm) equilibrated with PBS/1 mM 
EDTA. The column was eluted at a flow rate of 0.5 ml/min and 
3-ml fractions were collected and checked for inhibition of 5-LO 
activity of BL41-E95A supernatants. Inhibitory fractions were 
pooled and concentrated by ultrafiltration (YM 10 membrane, 
Amicon) to 2.5 ml. Then, the buffer of the concentrate was 
changed by gel-permeation chromatography on a prepacked 
Sephadex® G-25 column (PD-10 column, Pharmacia) which had 
been equilibrated with 0.005 M phosphate buffer (pH 8.0)/1 mM 
EDTA/2.5 mM f-mercaptoethanol (buffer DEAE-1). The re- 
sulting sample was further purified by anion-exchange chroma- 
tography using a Fractogel® EMD DEAE Tentakel column 
(Merck; bed volume, 5 ml) equilibrated with buffer DEAE-1. 
After the elution of unabsorbed material at 1.5 ml/min, the flow 
rate was increased to 2 ml/min and a linear gradient of 0—100 % 
0.08 M phosphate buffer (pH 8.0)/1 mM EDTA/2.5 mM £- 
mercaptoethanol (over 13 min) was started. The UV absorbance 
was recorded at 280 nm. Fractions (2 ml) were collected and 
aliquots were tested for 5-LO inhibitory activity. Inhibitory 
fractions were combined and after addition of ammonium 
sulphate (1 M, final concentration) the solution was added to a 
RESOURCE® PHE column (64mm*x30 mm, Pharmacia) 
equilibrated with 0.05 M phosphate buffer (pH 7.4)/1 mM 
EDTA/1M (NH,4,80,/2.5mM  f-mercaptoethanol] (buffer 
Phenyl-Superose-1). After elution of the column with 11.5 ml 
of Phenyl-Superose-1 buffer at a flow rate of 0.8 ml/min, a linear 
gradient (gradient volume 20 ml) from 1 M ammonium sulphate 
to pure buffer [buffer Phenyl-Superose-1 without (NH,),80,] 
was used to elute the inhibitory enzyme at a flow rate of 
1 ml/min. The elution of the inhibitory enzyme was complete 
after an additional 8 min of elution with pure phosphate buffer. 
Fractions (2 ml) were collected and elution of the 5-LO inhibitor 
was monitored by inhibition of 5-LO activity of BLA1-E95A 
supernatants. The active fractions were pooled, supplemented 
with (NH,),SO, (1.2 M final concentration) and applied directly 
on to a RESOURCE? ISO column (6.4 mm x 30 mm, Phar- 
macia) equilibrated with 0.05 М phosphate buffer (pH 7.0)/ 
1mM EDTA/25mM Jf-mercaptoethanol containing 1.2M 
(NH,),5O, (buffer Isopropyl-Superose-1). Elution conditions, 
fraction collection and tests of 5-LO inhibition were the same as 
described for Phenyl-Superose chromatography. The inhibitory 
fractions were pooled and used for protein identification. All 
purification steps including centrifugation were performed at 
+4°C Prior to determination of 5-LO inhibitory activity, the 
buffer of each aliquot was changed to PBS/1 mM EDTA using 
Sephadex® G-25 columns (PD-10, Pharmacia) according to the 
manufacturer's instructions. 
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SDS/PAGE analysis 


Protein purification was examined by reducing SDS/PAGE 
performed in 15 % slab gels (0.75 mm) according to [23]. Proteins 
were visualized by silver staining. 


Protein analysis 


For Western-blot analysis, SDS/PAGE was carried out as 
described above and blotting was done according to a previous 
protocol [24] using a Mini Trans-Blot® assembly (Bio-Rad). 
Amino acid sequencing was carried out after SDS/PAGE and in- 
gel trypsin digestion of the upper band of the 23-kDa doublet. 
Purification of the fragments and sequencing was performed as 
described in [25]. 

Matrix-assisted laser-desorption ionization—time-of-flight 
(MALDI-TOF) MS analysis was performed on a Voyager RPDE 
mass spectrometer (PerSeptive Biosystems, Framingham, MA, 
U.S.A.). The isolated and lyophilized protein was taken up in 
water, mixed with matrix solution (2,5-dihydroxybenzoic acid, 
20 2/7), and spotted on to the probe slide. Following an air-dry 
step, spectra were obtained 1n the linear mode at an acceleration 
voltage of 25kV. Carbonic anhydrase- was used as external 
standard. 


Partial purification of 5-LO 


The 5-LO enzyme of BL41-E95A cells and granulocytes was 
partially purified by ATP-agarose affinity chromatography [26]. 


Data analysis 


Statistical evaluation of the data was performed using Student's 
t test for unpaired observations. А P value of «005 was 
considered significant. 


RESULTS 


Mono Mac 6 and BL41-E95A celis contain distinct selenium- 
dependent 5-LO Inhibitors 


Cellular 5-LO activity of BL41-E95A and Mono Mac 6 cells is 
strongly inhibited by selenium. Both cell lines show low cellular 
5-LO activity after cultivation in FCS medium or in serum-free 
medium supplemented with 1 ng/ml Se** (13 nM) supplied as 
selenite (Figure 1). Transfer 1nto serum-free medium for 2-3 
passages lead to a strong increase in 5-LO activity of intact 
BL41-E95A and Mono Mac 6 cells. In BL41-E95A cells, 5-LO 
activity of the corresponding cell homogenates was hardly 
affected by the cellular selenium status. 

However, in contrast to BL41-E95A cells, 5-LO activity in 
Mono Mac 6 cell homogenates strongly depended on the cell 
culture conditions. Cultivation of Mono Mac 6 cells in the 
presence of FCS or selenium strongly suppressed 5-LO activity in 
the cell homogenates whereas serum-free culture conditions 
resulted in high 5-LO activity. 

Thus in contrast to GPx-4 that was previously 1dentified as 
endogenous inhibitor in HL-60 cells and BL41-E95A cells [10], 
the selentum-dependent Mono Mac 6 inhibitor does not require 
addition of millimolar concentrations of thiols as co-substrate in 
order to inhibit 5-LO activity in cell homogenates or 100000-g 
supernatants (Figure 1) [10]. Determination of the apparent 
molecular size by gel-permeation chromatography revealed that 
the Mono Mac 6 inhibitor is larger than 66 kDa and has a much 
higher molecular mass than the 5-LO inhibitor (GPx-4) described 
previously in BL41-E95A cells (Figure 2). Thus ıt was of interest 


CJ FCS 
ШИШ SFM 
C] SFM + Se“ (1 ng/ml) 


5.LO activity (ng/10° cells) 





Mono Mac 6 





Figure 1 Selenlum-dependent Inhibition of 5-LO activity of Intact cells and 
cell homogenates from BL41-ES5A and Mono Mac 6 cells 


Cells were cultured under the indicated culture conditions for 2 or 3 passages (SFM, serum- 
free medium) Mono Mac 6 were differentiated for 2 days with ТЕР (1 ng/ml) Then, 5-10 
activity of intact cells and cell homogenates was determined in the absance of exogenously 
added thiols Results are expressed as means-+SEM of three independent experiments 
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Figure 2  Gel-permeation chromatography of the endogenous 5-LO Inhibitor 
from Mono Mac 6 and BL41-E95A cells 


Each 100000-g supernatant was applied to a Sephacryl 5-200 column, eluted as described in 


the Matenals and methods section, and intubiton of 5-LO activity by the fractions was 
determined Data are representative of at least two Independent experiments 
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Figure 3 SDS/PAGE analysis (A) and Western-blot analysis (B) of the 5-LO Inhibitor 


Concentrated protein samples from different stages of punfication were electrophoresed by reducing SDS/PAGE (15% gal) (A) Lane 1, sample from DEAE chromatography, lane 2, sample from 
Phenyl-Superose chromatography, lane 3, sample from Isopropy+Superose chromatography; lane 4, bovine GPx (B) Lane 1, catalase; lanes 2 and 3, human GPx-1, lane 4, sample from DEAE 
chromatography, lane 5, sample from Isopropyl-Superose chromatography In (A) the position of human GPx-1 1s indicated with a bold arrow 


to identify the selentum-dependent inhibitor in Mono Mac 6 
cells. 


Purification of the 5-LO inhibitor and Identification as QPx-1 


Purification was performed as described in the Materials and 
methods section and the obtained fractions were tested for 5-LO 
inhibition and GPx activity. It became apparent that the 
5-LO inhibitory activity co-eluted with the GPx activity during 
all chromatographic purification steps (results not shown). 

Punfication of the 5-LO inhibitor by chromatography on 
EMD DEAE, Phenyl-Superose and Isopropyl-Superose was 
monitored by SDS/PAGE analysis (Figure ЗА, lanes 1—3). After 
the final Superose column-chromatography step only two protein 
bands were detectable following silver staining. One band was 
very faint, and the other, with a molecular mass of approx. 
23 kDa, co-migrated in the gel with bovine GPx-1 (Figure 3A, 
lane 4). 

Since experimental data indicated that the inhibitory enzyme 
might be a GPx distinct from GPx-4 but with a similar size to 
GPx-1, Western-blot analysis was performed using an antibody 
against human GPx-1/catalase (Figure 3B). The antibody recog- 
nized catalase (Figure 3B, lane 1), human GPx-1 reference 
(Figure 3B, lanes 2 and 3, two different concentrations) and the 
isolated protein band displaying the same mobility as GPx-1 
(Figure 3B, lanes 4 and 5). These results strongly suggested that 
the enzyme responsible for 5-LO inhibition in Mono Mac 6 cells 
is GPx-1. It was interesting to note that the antibody recognized 
a double band when the human СРх-1 standard was analysed. 
The same double band was also detected in the SDS/PAGE 
analysis of the isolated enzyme in some of the enzyme prepara- 
tions from Mono Mac 6 cells (results not shown). A possible 
explanation for the occurrence of a double band with identical 
immunological properties is that the second band represents a 
proteolytically processed form of СРх-1 as described previously 
[27]. The molecular masses of the double band of the isolated 
inhibitor were 22087 and 20290 Da, as determined by MALDI- 
TOF MS. Unfortunately, the precision of the MALDI MS 
analysis was limited since only rather broad signals could be 
obtained for these two peaks in the mass spectrum (results not 
shown). However, the data fit well with the calculated molecular 
mass of GPx-1 and a truncated form generated by proteolysis at 
a cleavage site between amino acids 15 and 16, giving molecular 
masses of 21768 and 20350 Da, respectively [28]. 
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Table 1 Cellular GPx activities of Mono Mac 6, HL-60 and BL41-E95A cells 


Cells were cultured under the indicated culture conditions for 2 passages Differentiation of 
Mono Mac 6 and HL-60 cells was induced by addition of TGFA (1 ng/ml) and VD3 (50 nM) 
for 4 days GPx activity of the 100000-g supernatants was determined with the GPx assay 
(method A, see the Matenals and methods section) and the results are expressed as m 
units/10° cells (means SEM , n= 3) 


GPx activity (m-units/10 calls) 


Mono Mac 6 
Cell-culture conditions Undifferentated Differentiated ВІ 41-F95A 
With serum 65-11 6.2+03 06403 
With serum -- 1 ng/ml Se** 201+34 280+13 17+01 
Serum-frea medium 18+03 13+03 03+01 





For final identification of the isolated enzyme, amino acid 
sequence analysis was performed. The protein was found to have 
a blocked N-terminus and was therefore submitted to in-gel 
trypsin digestion. Chromatographic separation of the fragments 
and sequencing of three peptides gave the sequences DYTQ- 
MNELQR, NEEILNSLKYVR and FLVGPDGVPLRR, cor- 
responding to amino acids 53-62, 87—98 and 165-176 of GPx-1. 


Mono Mac 6 cells have much higher GPx activities than 
BL41-E95A cells 


Analysis of GPx-1 and GPx-4 mRNA expression by reverse 
transcriptase PCR showed that both genes are expressed in 
lymphocytes and in undifferentiated and differentiated myeloid 
cells [10]. To elucidate whether there are differences in cellular 
peroxidase activity between Mono Mac 6 and BL41-E95A cells 
and whether there are changes in cellular GPx activity related to 
Mono Mac 6 cell differentiation, GPx activity was determined in 
undifferentiated cells and in Mono Mac 6 cells differentiated 
in the presence of VD3 (50 nM) and TGF (1 ng/ml) for 4 days 
(Table 1). The data demonstrate that undifferentiated Mono 
Mac 6 cells show at least an 11-fold-higher GPx activity than 
BL41-E95A cells. 

Addition of selenium (1ng/ml) as selenite elevated GPx 
activity of all investigated cell lines about 3-fold, whereas serum- 
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ІС, values for 5-LO inhibition (mU/mI) 





Figure 4 inhibition of 5-LO activity of vartous cell types by undifferentiated 
Mono Mac 8 100 000-g supernatants 


iG, values for inhibition of 5-LO activity were determined in the presence of 05 mM 2- 
mercaptoethano! Values given are means + 5 ЕМ for at least three independent experiments 
5100, 100000-g supernatant, SFM, serum-free medium, Gran, granulocytes 


free culture conditions led to very low cellular GPx activities 
Differentiation of Mono Mac 6 cells did not result 1n significant 
changes in cellular GPx activity (Table 1). 


Cell-dependent differences ln stability of 5-LO catalytic activity 
against GPx-1 


We have shown previously that upregulation of cellular 5-LO 
activity during differentiation of myeloid cells is due to a reduced 
sensitivity of the 5-LO catalytic activity against inhibition by 
peroxidases [10]. Therefore, it was of interest to compare the 
inhibitory effect of the Mono Mac 6 100000-g supernatant on 5- 
LO derived from BLA1-E95A, granulocyte and differentiated 
Mono Mac 6 cells (Figure 4). Undifferentiated Mono Mac 6 cells 
used as the GPx source were grown in FCS medium containing 
0.1 ng/ml Se* for 4 days. Granulocytes were isolated as described 
in the Materials and methods section, and BL41-E95A cells were 
cultured either for 4 days in FCS medium or for 2 passages in 
serum-free medium. Mono Mac 6 cells grown under serum-free 
conditions for 1 passage were differentiated by addition of VD3 
(50 nM) and TGFZ (1 ng/ml) for 4 days [8]. IC,, values for 5-LO 
inhibition were determined from dose-response curves obtained 
by addition of increasing concentrations of GPx-1 derived from 
100000-g supernatants of undifferentiated Mono Mac 6 cells to 
broken-cell preparations of BL41-E95A cells, TGFA/VD3- 
differentiated Mono Mac 6 cells and granulocytes in the presence 
of 0.5 mM f-mercaptoethanol. As can be seen from Figure 4, 
higher GPx activities are required for inhibition of granulocyte 
or Mono Mac 6 5-LO than for B-lymphocytic 5-LO. Thus as 
shown previously for GPx-4, 5-LO derived from differentiated 
myeloid cell lines or granulocytes is significantly more resistant 
towards peroxidase inhibition than B-lymphocytic 5-LO (Figure 
4). 


Inhibition of 5-LO by GPx-1 is not due to direct protein—pratein 
Interactions 


In order to investigate whether 5-LO inhibition by GPx-1 might 
be due to direct interactions between GPx-1 and 5-LO, 5-LO 
from BL41-E95A (grown in FCS medium) and granulocyte 


Table 2 Effects of thiols on 5-LO inhibition by Mono Mac 6 100000-g 
supernatants and bovine GPx-1 


ІС, Values for 5-LO inhibition by Моло Mac 6 100000-g supernatants were determined in the 
presence of 05 mM of the indicated thiol, those of bovine GPx-1 were determined with 1 mM 
tho Endogenous low-molecular-mass thiols of the 100000-g supernatants were removed by 
gel fütration on a PD-10 column (Pharmacia) IC, values for 5-10 inhibition are expressed as 
means obtained from at least two Independent dose-response curves (+SEM) nd, not 
determined 


IG, value (r-units/ml) 


GPx from Mono Mac 6 


Cofactor 100000-g supematants Bovina GPx-1 
GSH 115405 107+27 
DTT 20+10 142+36 
£-Mercaptoethana! 35 +5 51.84 121 
Without thiol addition 215+15 84-25 
Thiol removal 280 +36 nd 





100000-g supernatants was immobilized on ATP-agarose 
columns and the columns were washed in order to remove 
unbound materials. Then, GPx-1 from Mono Mac 6 100000-g 
supernatants (obtained from cells grown in FCS medium 
supplemented with 5 ng/ml Se**) was applied to each column. 
The resulting pass-through fraction was collected and three 
washing steps were performed as described for 5-LO isolation 
and collected. Then, 5-LO was eluted as described above (5-LO 
fraction). GPx activity was measured in the pass-through frac- 
tion, the three wash fractions and the 5-LO fraction. Interestingly, 
more than 98% of the GPx activity was recovered in the pass- 
through fraction and the first washing fraction but no GPx 
activity co-eluted with 5-LO from the ATP-agarose column. The 
data suggest that there is no direct binding of GPx-1 to 5-LO. 


Thlol specificity of GPx-1 


GPx-1 accepts GSH and to a lesser extent DTT as co-substrate, 
but not #-mercaptoethanol [29,30]. However, in our experiments, 
5-LO inhibition by GPx-1 could also be observed in the presence 
of f-mercaptoethanol (e.g. Table 2). Interestingly, the pres- 
ence of 2.5 mM f-mercaptoethanol was essential for the recovery 
of 5-LO inhibitory activity during DEAE, Phenyl- and Isopropyl- 
Superose column chromatography. No 5-LO inhibition could be 
detected after any of these purification steps if they were 
performed in the presence of 0.5 mM /f-mercaptoethanol. Fur- 
thermore, 5-LO inhibition was more effective in the presence of 
elevated concentrations of £-mercaptoethanol [IC,, values for 5- 
LO inhibition were 16+2.3 and 8.5+1.9 m-units/ml in the 
presence of 0.5 and 2mM  f-mercaptoethanol, respectively 
(means + 8.Е.М.; п = 3)]. Similar results were obtained with 
bovine GPx [IC,, values were 27.7 -1.8 and 17.7 4.4 m- 
units/ml, respectively, (n = 3)]. 

The effects of thiols (GSH, DTT and f-mercaptoethanol) on 
5-LO inhibition by GPx are shown in Table 2. Inhibition of 5-LO 
activity was determined in 100000-g supernatants of BL41-E95A 
cells which were kept in serum-free medium for 2 passages in 
order to inhibit endogenous selenium-dependent peroxidases. 
100000-g Supernatants of Mono Mac 6 cells that were cultured 
in FCS medium supplemented with 5 ng/ml Se** were used as a 
GPx source. IC,, values for 5-LO inhibition by Mono Mac 6- 
derived GPx-1 were determined in the presence or absence of 
0.5 mM thiol and the IC,, values for bovine GPx were obtained 
in the presence of 1 mM thiol. As can be seen from Table 2, 5- 
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LO inhibition by the peroxidases was most effective in the 
presence of GSH and only 3-fold-higher GPx concentrations are 
required with f-mercaptoethanol. 5-LO inhibition still occurred 
in the absence of added thiols although 5~10-fold-higher GPx 
concentrations were required. Removal of endogenous GSH and 
other low-molecular-mass thiols by gel filtration on PD-10 
columns (Pharmacia) equilibrated with РВЅ/1 mM EDTA 
(Table 2) slightly increased the IC,, values from 215 to 280 m- 
units/ml, indicating that even traces of thiol slightly enhance the 
inhibitory activity of GPx-1. 

Next, the acceptance of thiols by GPx-1 for peroxidase activity 
was investigated. GPx-1 activity was determined with GPx assay 
method B in the presence of 5mM GSH, ОТТ, f-mercapto- 
ethanol or f-mercaptoethanol in combination of 10 uM GSH, 
respectively. GPx activity could only be detected in the presence of 
GSH (0.4 nmol of peroxide/min per m-unit) or DTT (0.1 nmol 
of peroxide/min per m-unit) but not with f-mercaptoethanol, 
even in the presence of low concentrations (10 4M) of GSH, thus 
confirming the data found ın the literature [29,30]. Therefore, it 
can be concluded that f-mercaptoethanol does not serve as co- 
substrate for the peroxidase activity of GPx-1 but that it is able 
to support 5-LO inhibition by GPx-1. 


DISCUSSION 


In previous studies, GPx-4 was shown to be an efficient en- 
dogenous inhibitor of cellular 5-LO activity in a variety of cell 
types, like BL41-E95A cells, in the presence of thiols. In contrast 
to this, rat and human monocytic cells and the human monocytic 
cell line Mono Mac 6 contain a cytosolic, selentum-dependent 5- 
LO inhibitor that does not require the presence of millimolar 
concentrations of thiol for inhibition of 5-LO activity (Figure 1) 
[14,15]. Gel-filtration chromatography revealed that this inhibitor 
has a higher molecular mass than the previously characterized 
GPx-4-like inhibitor in BL41-E954A cells [10]. No 5-LO inhibition 
was detected 1n fractions corresponding to the molecular mass of 
GPx-4 (18 kDa). This demonstrated that this enzyme is not 
involved in regulation of 5-LO activity in Mono Mac 6 cells. 
Purification, Western-blot analysis and protein sequencing led to 
the identification of GPx-1 as endogenous 5-LO inhibitor in 
Mono Mac 6 cells. In accordance to this, it was found that Mono 
Mac 6 cells possess a cellular GPx-1 activity that 1s at least 10- 
fold higher than in BL41-E95A cells (Table 1), giving a reason- 
able explanation for the observed differences in the 5-LO 
inhibitory activity in the cytosols of these cell lines The 
5-LO inhibitory potency in crude cell homogenates and 1n frac- 
tions obtained during purification correlated with the presence 
of GPx-1 and was practically identical to GPx-1 enzyme prepa- 
rations, which were pure according to SDS/PAGE analysis 
(Table 2 and Figure 3A, lane 4), indicating that GPx-1 1s the 
protein responsible for 5-LO inhibition 

Interestingly, cellular GPx activity of Mono Mac 6 cells does 
not change during differentiation of the cells with TGF and 
VD3 (Table 1). This is 1n contrast to the changes in 5-LO activity 
observed after differentiation of Mono Mac 6 cells with TGF 
and VD3. As shown before, differentiation of Mono Mac 6 cells 
by TGF/ plus VD3 is required for upregulation of cellular 5-LO 
activity whereas differentiation of the cells with ТСЕ alone 
leads to prominent expression of 5-LO protein but extremely low 
activity in intact cells and homogenates ([8] and Figure 1). One 
possible explanation, which is supported by recombination 
experiments with cytosols and 5-LO enzyme preparations from 
different sources [8,10] and by differences in peroxidase sensitivity 
of 5-LO enzymes derived from cells with high and low cellular 5- 
LO activity (Figure 4)is that VD3 and ТСЕ induce a peroxidase- 
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insensitive 5-LO catalytic activity. This could be due to post- 
translational modifications of the 5-LO protein or to interactions 
with other proteins induced or activated by TGF and VD3. 
Recently, TGFf-receptor-I-associated protein-1 (TRAP-1) par- 
tial cDNA was identified ın a yeast two-hybrid screening system 
and the expressed protein was shown to physically interact with 
5-LO [31]. On the other hand, TRAP-1 specifically interacts only 
with the activated form of the type-I TGF£ receptor [32]. 
Therefore, a function of TRAP-1 could be the association of the 
5-LO protein to the activated TGF receptor, thereby providing 
a link between TGF receptor activation and the observed effects 
of TGF# and TGF/VD3 on cellular 5-LO activity and/or 
peroxidase sensitivity. 

No physical interaction was observed between GPx-1 and 5- 
LO protein from granulocytes and BL41-E95A cells, which 
suggests that suppression of cellular 5-LO activity by peroxidases 
is rather due to their effects on cellular peroxide tone than to 
specific 5-LO/GPx interactions. 

In contrast to GPx-4, GPx-1 inhibits 5-LO activity in the 
absence of millimolar concentrations of thiols (Figure 1). More- 
over, §-mercaptoethanol, which does not significantly serve as 
co-substrate for the peroxidase reaction (see the Results section) 
supports 5-LO inhibition by GPx-1 (Table 2), indicating that 
GPx-1 does not require high turnover of peroxides for 5-LO 
inhibition. This could be due to the circumstance that 5-LO in- 
hibition can be achieved by keeping the peroxide concentration 
in the assay mixture under a certain level, thus prolonging the lag 
phase and preventing the onset of the lipoxygenase reaction. Due 
to the low 5-hydroperoxyeicosatraenoic acid (S-HPETE) pro- 
duction during the lag phase, 5-LO inhibition by GPx rather 
requires rapid reaction rates than a high turnover of substrate, 
e.g. 5-НРЕТЕ. In its reduced selenol form, GPx-1 rapidly reduces 
peroxides to the respective alcohols, whereas the active-site 
selenol 1s oxidized to selenenic acid [33]. In subsequent steps, the 
active-site selenenic acid of GPx is reduced to its selenol form by 
oxidation of thiols, preferentially GSH. This mechanism was 
confirmed in a recent study where it was shown that selenols like 
selenocysteine efficiently reduce lipid hydroperoxides like 15- 
HPETE to alcohols [34]. Interestingly, the selenocysteine residue 
of GPx-1 is expressed at the surface, allowing easy access of 
substrates and thus high reaction rates with peroxides [33]. The 
lack of an absolute requirement for thiols for 5-LO inhibition 
and the loss of the 5-LO inhibitory activity of GPx-1 upon 
purification in thiol-free buffer can thus be explained by the 
assumption that the selenol form of GPx-1 1s the species 
responsible for 5-LO inhibition and that the suppression of the 
onset of the 5-LO catalytic activity by GPx-1 rather requires 
rapid reduction of hydroperoxides than a high turnover of 
substrate. 

In summary, we have shown that GPzx-l is an efficient, 
endogenous inhibitor of cellular 5-LO activity when it is expressed 
in sufficient quantities. This might be of relevance for the 
regulation of cellular 5-LO activity in various cell types and for 
the pharmacology of peroxidase-dependent non-redox inhibitors 
of 5-LO. 
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Esterlfication of free fatty acids in adipocytes: a comparison between 


octanoate and oleate 
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Obesity Research Unit, Department of Medicine and Blophysics, Boston Medical Center, Room 803, 650 Albany Street, Boston, MA 02118, USA 


Medium-chain tnacylglycerols (MCT) are present in milk, 
coconut oil and other foods, and are used therapeutically in 
special diets for certain disorders of lipid and glucose utilization. 
Recently, it has become apparent that MCT are not only oxidized 
in the liver, but are also present in lymph and fat tissue, 
particularly after chronic treatment. To evaluate the influence of 
MCT on metabolism in fat cells, we compared incorporation of 
octanoate and oleate into cellular triacylglycerols of 3T3-L1 
adipocytes as well as their effects on preadipocyte differentiation. 
We found that less octanoate than oleate was stored and that 
more octanoate than oleate was oxidized. Octanoate was esteri- 
fied to a greater extent at the sn-1,3 position of glyceryl carbons 
than at the sn-2 position, whereas the opposite was true for 
oleate. Glycerol release from fat cells pre-treated with octanoate 


was also greater than from cells pre-treated with oleate, presum- 
ably related to the preferential release of octanoate from the 
sn-1,3 position. Octanoate was not incorporated into lipids in 
undifferentiated cells and did not induce differentiation 1n these 
cells, whereas oleate was readily stored and actually induced 
differentiation. Incorporation of octanoate into lipids increased 
as cells differentiated, but reached a maximum of about 10% of 
the total stored fatty acids. If these effects m vitro also occur in 
vivo, substitution of octanoate for oleate or other long-chain 
fatty acids could have the beneficial effect of diminishing fat-cell 
number and lipid content. 


Key words: differentiation, hpolysis, triacylglycerol storage. 





INTRODUCTION 


It has been demonstrated that medium-chain fatty acids (MCFA) 
are more efficiently oxidized than long-chain fatty acids (LCFA) 
at the whole-body level [1,2] and in isolated tissue or cells [3—7]. 
However, little is known about how MCFA are metabolized via 
pathways alternative to oxidation, and how this affects other 
metabolic events in cells. 

On the other hand, medium-chain triacylglycerols (MCT) have 
been used as nutrients for patients with disorders of long-chain 
triacylglycerol (LCT) or glucose metabolism for decades. Several 
early studies demonstrated that MCT diets prevented weight 
gain in animals [8—10] without affecting plasma cholesterol or 
other physiological parameters [11,12]. Feeding MCT early in 
life influenced adipose-tissue development and resulted in fewer 
and smaller fat cells with less lipid [10]. Neurotoxicity [13] and 
ketosis [14] have only been reported after acute, high-dose MCT 
intravenous infusion in animals. Recent trials have demonstrated 
that the addition of MCT to human diets is of benefit for certain 
dyslipidaemic disorders including diabetes [15,16]. The rationale 
for these therapeutic benefits is not fully understood. The 
potential applications of MCT in the treatment of obesity have 
been reviewed in [17,18]. 

While it is generally accepted that MCFA are absorbed via the 
portal vein and are oxidized 1n the liver, a recent study shows that 
when fed enterally to rats, significant amounts of MCFA relative 
to LCFA appear in lymph [19]. Chylomicron triacylglycerols 
(TG) in human subjects consuming MCT diets also contained sig- 
nificant amounts of MCFA [20]. Infants fed MCT-enriched 
formulae accumulated substantial amounts of MCFA in their 
adipose tissues [21]. We also found that adipose tissues from 
young (2-week-old) rats contain levels of MCFA that are more 


than 2-fold higher than those in older ones (3-months old; W. 
Guo and B. E. Corkey, unpublished work). This 1s most probably 
due to storage of MCFA acquired from milk in the young rats 
and their loss after weaning In pre-term infants, about 27 % [22] 
to 50% [23] of the dietary MCT intake was oxidized. On the 
other hand, up to 82% and 90% of octanoate was recovered as 
CO, in fed and fasted rats after 6 h of intravenous infusion of 
octanoic acid [24]. These studies indicate that MCT may not be 
exclusively oxidized in the liver, especially after an extended 
feeding period. The impact of MCFA on metabolism ın per- 
ipheral] tissues may be more significant than previously ap- 
preciated. 

To determine whether the ability of MCT diet to diminish fat 
stores could be reproduced in vitro, and to study the mechanism, 
we compared the incorporation of octanoate with that of oleate 
into lipids using differentiated 3T3-L] cells as a fat-cell model. 
We also compared effects of octanoate with oleate on fat-cell 
differentiation in 3T3-L1 preadipocytes. 


MATERIALS AND METHODS 
Chemicals 


]-"C-Labelled free fatty acids (FFA) and deuterated solvent 
(chloroform) were purchased from Cambridge Isotope (Cam- 
bridge, MA, U.S.A.). Other organic solvents were of HPLC 
grade from Aldrich (Milwaukee, WI, U.S.A.). [1-*C]Methyl 
palmitate was synthesized as described previously [25]. 

Cell-culture medium, fetal bovine serum, penicillin and strep- 
tomycin were purchased from Gibco (Grand Island, NY, U.S.A.). 
Methylisobutylxanthine, dexamethasone and insulin were pur- 
chased from Sigma (St. Louis, MO, U.S.A.). 


Abbreviations used TG, tnacyiglycerols, MCT, medium-chain triacylglycerols, LCT, long-chain triacylglycerols; MCFA, medium-chain fatty acids, 
LCFA, long-chain fatty acids; FFA, free fatty acids, G3PD, glycerol-3-phosphate dehydrogenase, DMEM, Dulbecco's modified Eagle's medium, 


MDI, methylisobutylxanthine/dexamethasone/insulin 
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Cell culture 


NIH-3T3-L1 cells were cultured ın basal medium [Dulbecco’s 
modified Eagle's medium (DMEM), fetal bovine serum (10%), 
penicillin (100 units/ml) and streptomycin (100 ug/ml)] until 2 
days post-confluence. To induce differentiation, unless otherwise 
indicated, cells were exposed to basal medium supplemented 
with MDI [methylisobutylxanthine (120 ng/ml), dexamethasone 
(0.39 ug/ml) and insulin (10 ug/ml)]. Cells were washed 2 days 
later and then exposed to insulin (2.5 ug/ml)-supplemented basal 
medium. Medium was changed every 2 days. Lipid droplets were 
visible by phase-contrast microscopy 2 days after MDI treatment. 

HepG2 cells were grown in DMEM with 10% fetal bovine 
serum containing the same concentrations of the above anti- 
biotics and were used 2 days post-confluence. 


Fatty acid Induced differentiation 


Cells were exposed to oleate or octanoate (1mM in 0.2mM 
BSA) and insulin (2 5 ug/ml) in basal medium 2 days after they 
had reached confluence. The 5:1 molar ratio of FFA/BSA 
promotes net transfer of FFA from BSA-binding sites to cells 
[26]. No MDI treatment was applied to these cultures. 


Incubation with [1-"C]FFA 


A stock solution containing [1-PC]octanoate or [I-'*C]oleate 
(1 mM in 0.2 mM BSA) was added to the cell culture during a 
regular medium change. At termination, cells were washed three 
times with an ice-cold solution (pH 7.4) containing sucrose 
(250 mM), Tris (10 mM) and 2-mercaptoethanol (1 mM), scraped 
into the above solution containing additional EDTA (0.2 mM) 
and homogenized. Aliquots of the homogenate were stored at 
—80°C for DNA and TG analysis. Aliquots for glycerol-3- 
phosphate dehydrogenase (G3PD) analysis were centrifuged at 
44000 g for 20 min and the supernatants were stored at — 80 °C 
until analysis. The homogenates were then extracted for lipids 
for NMR studies as described previously [25,27]. 


Partitioning of [1- "C]FFA between CO, production and TG 
Incorporation ` 


3T3-L1 cells were prepared in T25 culture flasks After MDI 
treatment (4 days), cells were exposed to basa] medium containing 
insulin (2.5 ng/ml) and 1 mM fatty acids (in 0.2 mM BSA) as 
described above but with a trace amount of [1-!*C]octanoate or 
[1-*C]oleate (3 Ci). The incubation was terminated after 60 min. 
M(CO, released from fatty acid oxidation was collected and 
quantified using a published protocol [4]. The cellular lipids were 
extracted and separated by TLC. The TG fraction was scraped 
off and dissolved in Ecosin-A solution for scintillation counting. 
The d.p.m. values of the reaction products (CO,, TG) were 
converted into nmol by referring to the d.p.m. values of known 
concentrations of the starting materials ([1-1*C]octanoate and [1- 
M(7]oleate). Cellular DNA was measured ın parallel cultures. 


Measurement of basal [polysis 


After the MDI treatment (4 days), cells were incubated with [1- 
3 C]octanoate or [1-"C]oleate for 16h so that the intracellular 
TG pool was enriched with the corresponding isotope-labelled 
fatty acids. Control cultures were terminated at this time, and 
cells were homogenated for TG and DNA analysis After aliquots 
were taken for these analyses, cellular lipids were extracted for 
NMR and GLC analysis. Parallel cultures were washed three 
times with PBS solution and incubated with serum-free DMEM 
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containing 1% BSA, conditions that favour basal lipolysis. At 
the end of the incubation, media were aspirated and assayed for 
glycerol (Sigma procedure no. 337A [27]), and the cells were 
harvested for analysis as described above. The cell morphology 
examined before and after the incubation showed that more 
and/or larger lipid droplets appeared after 96 h of incubation 
However, there was no microscopically detectable difference 
between the cells pre-treated with oleate or octanoate 


Quantification of "C label Incorporation into cellular TG from the 
NMR peak Intensity 


The C-NMR spectra were obtained at 125 MHz on a Bruker 
DMX-500 spectrometer with a 5-mm triple resonance probe 
(Bilerica, MA, U.S.A.). Other details have been described in our 
previous reports [25,27]. 

The absolute intensities of !*C-O signals were measured by 
reference to an internal standard [25]. For cells incubated with [1- 
13C]oleate, the *C=O signals from direct incorporation were 
very intense compared with those from unlabelled carbons (> 
90-fold, Figure 1А). Therefore, the measured C=O peak 
intensity was taken to be equivalent to the [1-!?C]oleate in TG. 
For cells incubated with [1-" C]octanoate, the signals from direct 
incorporation of [1- C]octanoate were less intense than the C=O 
signals from unlabelled TG (Figure 1B; signals from unlabelled 
saturated acyl chains overlapped those of esterified (1-!9C] 
octanoate, but were generally 30-40% of their unsaturated 
counterparts in control cultures). Therefore, the signal] intensity 
from direct incorporation of [1-'*C]octanoate was obtained by 
subtracting the background signal from control. This may not be 
completely accurate when octanoate incorporation is very lim- 
ited. Nevertheless, these partial errors do not affect the general 
conclusions from this study (see below). 


Measurement of total cellular DNA, TG and G3PD activity 


Duplicate aliquots of homogenate were taken for DNA assays 
[28] and TG measurement (Sigma procedure no. 337 [27]). G3PD 
was measured by following the disappearance of NADH during 
enzyme-catalysed dihydroxyacetone phosphate reduction under 
zero-order conditions [29]. 


Methylation of TG and GLC analysis of fatty acyl composition 


The lipid components of cell extracts were separated by TLC 
(hexane/ethyl ether/acetic acid, 70:30:1). Methylation was per- 
formed by incubation in BF3-methanol solution (14 %, v/v, BF3 
in methanol) at 60 °C for 30 min. The fatty acid methyl ester was 
extracted into a hexane solution. The hexane solution was dried 
with anhydrous sodium sulphate. To avoid the evaporation of 
methyl octanoate, the hexane solution was used directly for GLC 
study without further condensation. GLC analysis was performed 
on a Shimuzu 14A gas chromatograph with a Supelco SP® -2380 
capillary column with an initial oven temperature of 150 °C, final 
temperature of 240 °C, heating rate of 4 ?C/min, injector tem- 
perature of 220 °C and detector temperature of 240 °C Carner 
gas (He) was at 50 kPa, make-up carrier gas (He) at 100 kPa, 
hydrogen gas at 55 kPa and compressed air at 50 kPa. The 
sample was injected in 1—1.5 д1 with splitting rate of 1:25. 


Statistical analysis 


Except when indicated otherwise, experiments presented here 
were repeated 3—6 times. The results were analysed using Microcal 
Origin (Microcal Software, Northampton, MA, U.S.A.) and are 
presented as means + S.E.M. Student's ¢ test was performed for 
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Figure 1 “C-NMR spectra of pid extracts after cels were incubated with [1-"C}fatty acids 
(A) Oleate and (B) octanoate in 3T3-L1 fat cells, and (C) actanoate in HepG2 celis. Above the spectra 15 shown a molecular formula of palmitoleate, a common end product of de novo synthesis 


of LCFA The spectrum was obtained with 2000 (A) and 4000 (B and С) scans 


selected results, and the P values are presented in the cor- 
responding Figures. 


RESULTS 
Partitloning of exogenous FFA between oxidation and storage 


The partitioning of exogenous octanoate and oleate into the 
metabolic end products of CO, and TG 1s shown in Table 1. 
Incorporation of either octanoate- or oleate-derived !*C isotopes 
into other lipid fractions (cholesterol, phospholipids and di- 
glycerides) was much less extensive (results not shown). Our 
results show that under identical culture conditions, octanoate 


Table 1 Exogenous octanoate and oleate Incorporated Into the metabolic 
end products In 3T3-L1 adipocytes detected as CO, and TG expressed as 
nmol of the corresponding fatty acids converted Into each product (nmol/h 
per ду of DNA) 


Since part of the acetyl-CoA derived from octanoate may be re-utilzed for de novo synthesis 
of LCFA and incorporated subsequently into TG (ses below), the amount of isotope recovered 
in the TG fractron may be more than the actual amount of octanoy! chain estenfed into TG 
However, since the amount partitoned into the de novo synthesrs 15 less than 16% (as detected 
by C-NMR, see below), the results shown here still reflect the amount of [1-'4СТосќапоаів 
esterifred Furthermore, the inclusion of de nove-synthesized LCFA in TG only supports, rather 
than averts, the conclusion that octanoate was more oxidized than stored Means-+SEM are 
shown (n = 3) 


Sample TG CO, 
Octanoate 09101 8.4412 
Oleate 76+0.8 07+01 





partitioned into CO, more extensively than TG, but the opposite 
was found for oleate. The total number of mol of exogenous fatty 
acids converted into TG plus CO, within 60 min was similar. 
Considering that each octanoyl chain only produces 8 CO, 
molecules (eight times values in Table 1) whereas oleate produces 
18 CO, molecules (18 times value in Table 1), the actual the 
amount of CO, produced from octanoate was about 3-fold 
greater than that from exogenous oleate. 

It 1s not possible to determine the endogenous fatty acid pool 
using this approach. This pool may also contribute to CO, 
production in cells exposed to octanoate and oleate. However, 
our results show that both octanoate and oleate are actively 
metabolized in 3T3-L1 adipocytes, and are in accord with 
previous observations that more octanoate is oxidized than 
stored in animal cells [1,3—6]. 


Direct Incorporation of exogenous FFA into cellular ipiis 


The C-NMR spectra of lipid extracts from 3T3-L1 adipocytes 
incubated with [1-1*C]octanoate or [1-P?C]oleate for 24h are 
shown in Figures 1(A) and 1(B). For comparison, a spectrum of 
the lipid extract from HepG2 cells incubated with [1-'*C]octan- 
oate for 24h is shown in Figure 1(C). The carbonyl signals 
are shown 1n the left-hand panels and aliphatic carbon signals in 
the right-hand panels. Spectra obtained under other incubation 
conditions had similar general features with different peak 
intensities. 

[1-*C]Oleate and [1-?C]octanoate were each found to be 
esterified to TG at the sn-1,3 as well as the sn-2 positions in fat 
cells (Figure 1), represented by the peaks arising from the 
corresponding carbonyl resonances, TG(1,3) and TG(2). Such 


© 2000 Brochemical Society 


466 W. Guo and others 





TG-incorporated [1-"C] FFA 
(nmole/ugDNA) 


0 5 10 15 20 
Incubation time (hr) 


Figure 2  Time-dependent incorporation of fatty acids into cellular TG 
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(A) Incorporabon of [1-'3C]oleate and [1-'3C]octanoate into cellular TG as a function of incubation tme (B) The acyl chain-specrfic estenfication of [1-3 6]oleate and [1-5 C]octanoate, as determined 


by the relative-peak-intensity rato of the TG(1,3)/TG(2) 


direct esterification of [I-"C]octanoate was not detected in 
HepG2 cells (Figure ІС), whereas [1-*C]oleate was directly 
esterified in HepG2 cells [30] to an extent similar to that in fat 
cells (results not shown). The amount of [1-"C]oleate or [1- 
BCloctanoate incorporated into phospholipids was insignifi- 
cant, as evidenced by the lack of corresponding resonances [25]. 


Utilization of [1-"C]FFA-derived [“C]acetyl-CoA In de novo 
synthesis 


In principle, the acetyl-CoA derived from the f-oxidation of 
[1-1*C]FFAÀ can be used for de novo FFA synthesis. Any in- 
corporation of [1-**C]acetyl-CoA into the acyl methylene would 
be detected by NMR. In previous studies on fat cells treated with 
oleate or palmitate, partitioning of exogenous fatty acids into 
this pathway was not detected [25,27,31]. However, for cells 
incubated with octanoate, we found that the integrated intensities 
of some methylene peaks representing a single carbon (+1, 
w— 1, etc.) were about 2-fold more intense than the wCH, peak 
(Figures 1B and 1C), indicating selective labelling of the aliphatic 
region with ‘С isotope. Peaks for the «CH, and («+1)CH, 
generally were broader or split because of the magnetic shielding 
from sn-1,3 or sn-2 carbonyls. Therefore, the peak heights of 
these signals were lower than the signals arising from the other 
methylenes even though they may have had the same overall 
integral intensity. 

We then separated the lipid mixtures (of 3T3-L1 or HepG2) 
by TLC, and examined the TG and phospholipid fractions by 
NMR. The spectra from the phospholipid fractions were very 
weak and did not reveal any ‘С signal enhancement. The 
spectra of the TG fractions were essentially the same as those 
before the separation, indicating that tbe signals detected in the 
spectra shown in Figure 1 were from the TG fractions. This also 
shows that part of the [1-'?C]acetyl-CoA derived from the £- 
oxidation of [1-?C]octanoate was used for de novo fatty acid 
synthesis and then stored 1n cellular TG. Since the NMR signal 
intensity from each C label is equivalent to that from ~ 100 
natural carbons, a 2-3-fold peak intensity corresponds to about 
1-2 % isotope enrichment. The observation that the (v — 1)CH, 
peak is more intense than the wCH, peak indicates that [1- 
SClacetyl-CoA can be used as the priming unit for the acyl 
chains. The peak intensity of wCH, can be used as an intrinsic 


© 2000 Biochemical Society 


reference to detect the partitioning of C-labelled substrates in 
the de novo synthesis pathway. 


Octanoate was Incorporated Into TG less extensively than oleate 


Within a 24-h period, the accumulation of oleate into TG 
increased with incubation time, whereas the accumulation of 
octanoate reached a plateau at ~ 7 h (Figure 2A). In 24 h, about 
four times more total [1-?C]oleate than [1-*C]octanoate was 
incorporated into TG. 

To determine if the low rate of incorporation of octanoate into 
TG was related to substrate availability, cells were incubated 
with various concentrations (1—5 mM) of [1-?*Cloctanoate for 
24 h. However, the incorporation of [1-?C]octanoate into lipid 
did not vary significantly with respect to octanoate concentration, 
as determined by NMR (results not shown). Hence, substrate 
availability (within the range investigated) was not rate limiting 
for the esterification of octanoate, and it 1s likely that the process 
was saturated. In other experiments, we incubated cells with [1- 
5C loctanoate for longer periods (up to 7 days), and did not find 
a substantial increase in the incorporation of [1-?*C]octanoate. 
Such saturation could be either due to limited incorporation or 
faster turnover of TG that contains octanoate. 


Octanoate and oleate differ in the glycery! position to which they 
are esterified 


The extent of [1-!*C]fatty acid esterification at the sn-1,3 or sn-2 
positions on glycerol can be determined by the peak intensity 
ratio of TG(1,3)/TG(2). À ratio of 2.0 corresponds to random 
access of exogenous fatty acids to the three glycerol carbons. For 
cells incubated with oleate, this ratio was lower than 2.0, and 
decreased with incubation time (Figure 2B), as found previously 
[27,31]. For cells incubated with octanoate, this ratio was higher 
than 2.0, and increased with incubation time (Figure 2B). Hence, 
these two types of fatty acids not only have different overall 
storage rates, but also have different esterification rates at the 
three acyl chain positions in TG. The observation that octanoate 
has a higher preference for sn-1,3 positions agrees with the acyl 
specificity in animal milk [32]. 


А) Octanoate treated 
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Figure 3 Micrographs (magnification ~ 200) of 3T3-L1 celis after incubation for 9 days with basal medium containing insulin (2.5 g/ml) In the presence 


of 1 mM octanoate (А) and oleate (B) In 0.2 mM BSA 
These cells were not treated with methylisobutylxanthina or dexamethasone 


Table 2 The cellular TG content and G3PD activity in 3T3-L1 cefls with 
basal medium containing insulin (2.6 ,/g/ml) in the presence of octanocate 
and oleate (means + S.E.M., a = 3) 


Cells were not treated with methylisobutylxanthine or dexamethasone 


G3PD (nmol/min 
TG (ug/ug of BNA) per ий of DNA) 
Sample Day 6 Day 9 Day 6 Day 9 
Control 034-005 05-4003 9012+002 03-002 
Octanoate 01--002 064-004 0 09 4- 0 01 024-001 
Oleate 17102 51403 045+002 1.701 


Octanoate and oleate differ In thelr effects in Inducing fat-cell 
differentiation 


When added to undifferentiated cells (not treated with MDD, 
lipid droplets began to appear in cells treated with oleate 3 days 
after the incubation. In octanoate-treated and control cells lipid 
droplets began to appear 6 days after incubation, but to a much 
lesser extent than in cells treated with oleate After 9 days of 
incubation, about 90 % of the cells contained lipid droplets The 
droplets in octanoate-treated cells (Figure 3A) were much smaller 
than those in oleate-treated cells (Figure 3B). After extended 
fatty acid incubation, there was about a 20 % cell loss in oleate- 
treated cultures, as shown by microscopic examination (Figure 3) 
and corroborated by DNA analysis. Such cell loss was less 
significant in octanoate-treated cells. Since the cells that lifted off 
were mostly differentiated fat cells (examined by microscopy), 
the cell loss was likely to be induced by the propensity of fat- 
laden cells to float rather than by fatty acid-related toxicity, 
although the rapid lipid accumulation in the presence of excess 
oleate may have accelerated this process. When cells were 
differentiated with MDI treatment and subsequently accumulated 
lipids mostly by de novo synthesis from glucose, cell loss was not 
significant up to 6 days after MDI treatment. 

The total TG accumulated in oleate-treated cells was sub- 
stantially greater than for cells treated with octanoate (Table 2). 
The TG thus accumulated contained mostly oleate (> 80%) in 


oleate-treated cells, and mostly palmitate and palmitoleate in 
control or octanoate-treated cells (results not shown), indicating 
that the latter accumulate fat via a de novo pathway, as well 
documented ın 3T3-L1 cells [33,34]. 

To confirm that the TG storage was a result of cell differen- 
tiation rather than non-specific accumulation of exogenous fatty 
acids [35], G3PD activity, a commonly recognized differentiation 
marker, was analysed in cells thus treated. The results showed a 
close correspondence between G3PD activity and total TG 
stored (Table 2). We concluded that incubation with oleate Gn 
the presence of insulin) significantly promoted adipocyte differen- 
tiation ш 3T3-L1 cells, resulting in higher storage of TG, whereas 
octanoate did not have such an influence. 


Octanoate incorporation increased as differentiation progressed 


Incorporation of [1-?C]octanoate was nearly undetectable in 
undifferentiated cells. A gradual increase in direct esterification 
of [1-°C]octanoate occurred as cells progressed to later stages of 
differentiation, using G3PD as a marker of differentiation (Figure 
4). The incubation with octanoate in this experiment was 
performed from day 0 to day '6 after MDI treatment. In- 
corporation of octanoate at the sn-2 position reached a plateau 
early in differentiation whereas incorporation at the sn-1,3 
position continued to increase; resulting in an increase in the 
TG(1,3)/TGQ) ratio (Figure 4, inset). - 


Glycerol release from cells pre-treated with oleate or octanoate 


To compare the effects of oleate and octanoate on TG hydrolysis, 
cells pre-treated with the corresponding fatty acids were in- 
cubated with lipid-free DMEM (1% BSA). The total DNA 
values per culture assayed at 0, 7, 48 and 96 h were essentially 
unchanged (139+4 ug/culture), and there was no difference 
between cells treated with oleate or octanoate. Total celular TG 
continued to increase, and slightly more than doubled in 96h 
(Figure 5A) The slightly higher TG storage in oleate-treated 
cells was likely to be a result of more extensive storage of 
exogenous oleate than octanoate during the 16-h pre-treatment 
period. The steady rate at which stored TG increased thereafter 
indicates that de novo synthesis of LCFA was not affected 
differently by octanoate or oleate pre-treatment, and was not 
hampered by serum deprivation during the time course. 
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Figure 4 Quantitative Incorporation of [1-"?C]octanoate Into sn-1,3 [TG1,3)], sn-2 [(T8(2)] and total TG [T8(1,2,3)] as a function of cellular G3PD activity 
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Figure 6 The total cellular TG before and after lipolysis (A) and the amount of glycerol released during the incubation (B) 
Cells were pre-treated with oleate or octanoate as Indicated The data points are connected by lines purely for visual examination of the results 


Despite a slightly lower cellular TG content, cells treated with 
octanoate released more glycerol than cells treated with oleate 
after 48 and 96 h of incubation (Figure 5B). Glycerol release was 
linear with incubation time, and comparable with the reported 
values in basal lipolysis [33]. 


Octanoate turnover is faster than oleate during lipolysis 


The turnover rate of [1-1 *C]FEA incorporated in TG can also be 
measured by NMR. As shown in Figures 6(A) and 6(B), the total 
intensity of the [1-!*C]oleate signal was similar before and after 
the 96-h incubation with DMEM This indicates that most of the 


[1-5 C]oleate remained esterified to TG (including unhydrolysed ` 
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and hydrolysed but re-esterified oleate), as reported previously 
[27]. Some of the [1-" C]oleate released from the sn-1,3 positions 
may have been re-esterified at the sm-2 position, because the ratio 
of TG(1,3)/TG(Q) decreased from about 1.2 (Figure 6A) to less 
than 1.0 (Figure 6B). Based on the integrated signal intensities, 
over 99+ 3.3% (-ES.E.M.) of the [1-?*C]oleate remained in TG 
(n = 3). 

On the other hand, incorporation of [1-?C]octanoate was 
initially lower than oleate, but the absolute amount of m- 
corporation was significant compared with the control (Figure 
6C). After the 96-h incubation with DMEM, signals from [1- 
33 C]octanoyl chains were largely decreased at the 57-1,3 position, 
and completely depleted at the sn-2 position (Figure 6D). About 


TG(2) 
TG(1,3) 


se 








174.0 173.5 ppm 


ppm 174.0 173.5 


Figure б “C-NMR spectra (carbonyl reglon) of cellular lipids before (left) 


_«~ and after (right) 96 h of basal lipolysis of celis pre-treated with [1-"C]joleate 


(A, B) and [1-"C]octanoate (C, D) 


The aliphatic regions (results not shown) of spectra (C) and (0) were both similar to that shown 
in Figure 1(B), implying no significant changes in the utilization of [1-'*C]octanoate for de novo 
synthesis of LCFA 


Table 3 Fatty acid composition of cellular T@ before and after 96 h of 
Incubation with DMEM (1% BSA) in celis pre-treated with oleate and 
octanoate 


Resuits are shown as percentages (means +S EM , л = 3) The appearance of odd-number 
chain-length fatty acids is typical in 373-L1 fat cells as a result of de novo synthesis [50] Other 
fatty acids, including Су, „ and Су, з, were also detected, but to a lower extent 


Oleate Octancate 

Асу! chains Before After Before After 

80 0 0 1033403 099+005 
14 0 2 84+009 328-002 374+004 3 88 +0 21 
14 1 475+008 548+00 556 4-029 578+011 
15 0 102-004 1354 0.02 143 +014 1034017 
15 1 081-001 124+ 0.09 144014 141-009 
16:0 20 01 +036 23 85 -- 0 03 24 624-035 24 45 4- 0 03 
16 1 27 94 4- 0 29 38 65 4- 02 3861602 47 64 + 0.34 
17 0 082--003 075--0.03 09-r003 085-50 096 
17 1 331-026 398-007 389+01 4734-012 
18.0 038 -- 0 04 041-F 002 0.49 +0 02 051 4- 0.16 
18 1 n8 364-04 1971002 6.69 +0 09 §2+0.29 
18 1 n11 135-007 15160.12 2 34+ 0 05 1954-013 





21 1.296 (E S.E.M.) of the [1- C]octanoate remained esterified 
in TG (n = 3). 

Table 3 shows the acyl chain composition in cellular TG 
fractions determined by GLC. For cells pre-treated with [1- 
33 C7Joleate, the percentage of fatty acyl chains in cellular TG was 
in the order: oleate > palmitoleate > palmitate. The predomi- 
nance of oleate corresponds to the rapid uptake and storage of 
exogenous [1-?C]oleate. After the 96-h incubation with DMEM, 
this order changed to palmitoleate > palmitate > oleate. The 
proportion of oleate declined by ~ 50%. Since the amount of 
total TG was approximately doubled during this period of time, 
this result indicates that the absolute amount of oleate in TG did 
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not change significantly. Instead, the reduction in the proportion 
of oleate was due to increases in palmitoleate and palmitate. 

For cells pre-treated with [1-?* C]octanoate, the асу! chains of 
TG were predominantly palmitoleate and palmitate (Table 3). 
Octanoate incorporation amounted to 10+0.9% (n = 3) of total 
acyl composition. After the 96-h incubation with DMEM, the 
proportion of octanoate in total stored fatty acids was reduced to 
about 1+0.1% (n = 3). Considering that the total TG content 
doubled during this penod (96h), the absolute amount of 
octanoate that remained in TG was about 20% of the original 
amount (10%), a figure that agrees with the NMR results 
(Figures 6C and 6D). 

To determine whether the released octanoate accumulated in 
the medium, the fatty acid composition of the incubation medium 
was analysed. The fatty acids detected were mainly palmitate and 
palmitoleate, with no detectable octanoate and only an in- 
significant amount of oleate. Together, these results suggested 
that when deprived of exogenous lipid supply, [1-?C]oleate was 
largely conserved in the cellular TG [27], whereas [1-'C]octan- 
oate was largely dissipated, probably through oxidation. 


DISCUSSION 


Fatty acids of different chain lengths have different effects on 
cellular processes. Whereas the pathological roles of saturated 
compared with unsaturated LCFA are well established [36], the 
effects of MCFA have received far less attention. Goals of this 
study were to determine how much octanoate was stored, how it 
perturbed the molecular structure of TG, and how it affected cell 
differentiation. Our data document major differences between 
octanoate and oleate in their oxidation, esterification and release 
from TG and their influence on adipocyte differentiation. 

It has been widely accepted that MCFA are mainly oxidized ın 
cells through the carnitine-independent pathway whereas LCFA 
may be stored or oxidized depending on the economy of other 
fuels, as we have also found [37]. This argument has been used to 
explain the low storage rate of MCFA in fat cells [17]. However, 
there is evidence that MCFA can be esterified in TG in the liver 
[38] and fat cells [21,39], which we confirmed 1n this study. 

First, we showed that octanoate was stored in differentiated 
fat cells but not in undifferentiated preadipocytes (Figure 4), 
although oleate can also be stored in undifferentiated fat-cell 
precursors [27]. Storage of octanoate increased as cells became 
more differentiated until à maximum level was reached. Whether 
the storage rate would continue to 1ncrease with further fat-cell 
enlargement (as found in obesity) remains to be determined. It is 
well known that MCFA have a low affinity for cytosolic acyl- 
CoA synthase [40], but can be readily activated within the 
mitochondrial matrix for oxidation. Both factors might lead to 
relatively low cytosolic substrate availability for esterification. 
However, these may not be the sole reasons for the low rate of 
MCFEA storage, because increasing the substrate concentration 
of octanoate (up to 5-fold) and extending the incubation period 
did not increase the proportion of octanoate in stored fat. 
Another related factor may be the pool of carnitine, which 1s 
needed to transport octanoyl-CoA from the mitochondria to the 
cytosol, and the pool of CoA, which increases with differentiation 
(A. M. Richard and B. E. Corkey, unpublished work) and could 
lead to an increase of octanoyl-CoA concentration in the cytosol. 

Secondly, we found that when stored, octanoate was mostly 
esterified at the sn-1,3 positions. Esterification of a medium chain 
to the sn-2 position may be thermodynamically unfavourable. 
Monoacylglycerol acyltransferase may have a higher affinity for 
LCFA than MCFA so that most of the acyl chains delivered to 


. Ше sn-2 position are from LCFA, especially unsaturated LCFA 
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[41]. In addition, the incorporation of MCFA might be mostly 
accomplished via de-acylation/re-acylation of existing TG 
molecules, whereas incorporation of LCFA may also be ac- 
complished via the synthesis of new TG molecules directly from 
free fatty acids and a-glycerolphosphate. This is particularly 
relevant since we found that MCFA are not esterified in cells that 
have not acquired a suitable amount of TG, whereas the storage 
of LCFA does not have such a pre-requisite. Since the turnover 
of sn-1,3 chains in TG is more active than sn-2 chains [31], it is 
not surprising that more MCFA are esterified at the sn-1,3 
positions 

Our observation that octanoate incorporation in fat cells 
becomes saturated and accounts for about 10% of total fatty 
acids is consistent with previous studies im vivo [21] When 
converted to a molar scale, this accounts for ~ 20% of the total 
acyl chains stored in fat cells, an amount that would be predicted 
to have substantial effects on cellular metabolism. In contrast to 
our observation that octanoate turnover was much faster than 
that of oleate (Figure 6), storage of MCFA in infant subcutaneous 
fat was rather stable and remained unchanged 1 week after 
switching to a MCT-free diet [21] This 1s probably because 
subcutaneous-fat turnover rate is intrinsically lower than that in 
visceral fat since it serves mainly as thermal insulation and 
mechanical cushioning [42]. Furthermore, visceral fat 1s affected 
more by dietary modulation than peripheral fat. 

Thirdly, an interesting finding in our study was that fat cells 
pre-treated with octanoate have a significantly enhanced TG 
hydrolysis (Figure 5) To our knowledge, such a finding has not 
been reported before. It may be argued that less TG storage in 
cells pre-treated with octanoate results in smaller fat droplets and 
thus a larger surface area of lipids. However, the cells we used 
were well differentiated before they were treated with octanoate, 
and there were no microscopic differences in cell morphology or 
fat droplet size examined by phase contrast microscopy. The 
difference in total stored TG was rather small between cells pre- 
treated with octanoate or oleate, and could not account for the 
difference in glycerol release (Figure 5). Instead, our results 
suggested that incorporation of octanoate may facilitate TG 
hydrolysis. Since the hydrolysis product MCFA diffuses away 
from the site of reaction more rapidly than LCFA, the lipase 
efficiency is higher for MCT than LCT [43]. Furthermore, 
hydrolysis at the sn-1,3 position is the rate-limiting step in TG 
lipolysis [44]. Hence, our findings of the preferential incor- 
poration of octanoate at the sn-1,3 position and the increased 
glycerol release in octanoate pre-treated fat cells fit together 
logically. 

Finally, anotber important observation was that octanoate, in 
contrast to oleate, did not stimulate differentiation after an 
extended incubation period The eventual lipid accumulation 
was similar to that seen in control cells as a result of limited 
spontaneous differentiation in the presence of insulin and glucose 
[34]. In contrast, incubation with oleate rapidly induced 
differentiation with characteristic marked TG accumulation and 
increased G3PD activity. This is consistent with previous reports 
that LCFA induce the expression of genes involved in fatty acid 
metabolism [45—47]. This may explain the observation that 
weaning rats on MCT diets have lower fat-cell numbers as adults 
compared with their littermates on LCT diets [10]. Furthermore, 
long-chain CoA esters, but not short- or medium-chain CoA 
esters, are potent modulators of metabolic enzymes and signal 
transduction [48,49]. The fact that LCFA induces preadipocyte 
differentiation im vitro may also correlate with the observations 
that animals and humans on high-fat diets usually acquire more 
fat cells than controls [50—52]. Hence, replacement of part of the 
LCFA in conventional high-fat diets with MCFA at critical 
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times in development may provide a means to control cell 
number and decrease lipid accretion. 
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Link peptide cartilage growth factor is degraded by membrane proteinases 
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The peptide DHLSDNYTLDHDRAIH (Link N), cleaved from 
the N-terminus of the link protein component of cartilage 
proteoglycan aggregates by the action of stromelysin, can act as 
a growth factor and stimulate synthesis of proteoglycans and 
collagen 1n articular cartilage [McKenna, Liu, Sansom and Dean 
(1998) Arthritis Rheum. 41, 157-161]. The mechanism by which 
this biologically active peptide is degraded and inactivated was 
investigated using U937 monocytes as a model cell Time-course 
experiments showed that two major proteases, an initial serine 
proteinase followed by a metalloproteinase, acted in sequence. 
Analysis of the resulting fragments showed that the serine 
endopeptidase cleavage was at the Leu*-Ser* bond to produce 
the peptide SDNYTLDHDRAIH. The terminal serine could 


then be removed from the resulting peptide by an aminopeptidase. 
A second metallopeptidase liberated the peptides SDNYTL or 
DNYTL from DHDRAIH by cleavage at the Leu*-Asp!? bond. 
The DNYTL peptide intermediate was degraded too rapidly to 
allow sequencing and sequential aminopeptidase cleavages re- 
moved further amino acids from the N-terminus of the remaining 
DHDRAIH peptide. The identical patterns of breakdown that 
occurred when either whole cells or purified plasma membranes 
were used indicated that proteolysis and inactivation of Link N 
was carried out entirely by membrane-associated enzymes. 


Key words: cartilage, cell membranes, link peptide, proteinase. 





INTRODUCTION 


Normal articular cartilage is in a state of dynamic equilibrium, 
with turnover and repair regulated by the interaction of chondro- 
cytes with a number of factors that may act during development, 
growth and maintenance. Among these are transforming growth 
factor д and insulin-like growth factor-1, which can up-regulate 
synthesis of aggrecan, collagen, link protein and hyaluronan 
[1-3]. Another growth factor, human osteogenic protein-1, 
can stimulate synthesis of proteoglycans and collagen type II 
in chondrocytes cultured in alginate beads [4]. In contrast, 
cytokines such as interleukin-1 and tumour necrosis factor a have 
opposite effects and can induce chondrocytes to down-regulate 
proteoglycan and type-II collagen synthesis [5,6] and increase 
synthesis of stromelysin and collagenase [7,8]. An imbalance in 
any of these control mechanisms can lead eventually to a loss of 
cartilage. 

Synthesis and degradation of cartilage matrix may also be 
regulated by interaction of chondrocytes with matrix molecules 
themselves, or fragments derived from them by proteolysis. One 
of these 1s link protein, which comprises approx. 0.05 95 of the 
wet weight of cartilage [9], is synthesized as a single gene product 
[10] and is glycosylated to generate two mature forms of 48 kDa 
and 44 kDa. Its primary role in articular cartilage is to stabilize 
the interaction of the proteoglycan aggrecan with hyaluronan 
[11]. As cartilage ages, a 41-kDa form of link protein resulting 
from cleavage of the His!*- Пе!" bond by the enzyme stromelysin 
accumulates [12,13]. We postulated that this cleaved N-terminal 
peptide, called the N-terminal link-protein peptide or Link N, 
may have an additional function as a cartilage growth factor [14]. 
Nanomolar concentrations of this peptide were shown subse- 
quently to stimulate synthesis of proteoglycans and collagen in 
normal articular cartilage from a wide age range of subjects 
[15,16]. The newly synthesized proteoglycans had a normal 
composition and were therefore capable of being integrated into 
a viable cartilage matrix [17]. 


A number of other biologically active proteins involved in 
joint metabolism are synthesized as propeptides that require 
specific proteolysis to become active [18].These peptides have 
relatively short half-lives before they themselves are degraded 
and inactivated [19]. For example, substance P is found in 
increased levels in rheumatoid synovial fluid [20] and may 
contribute to early arthritis by activating inflammatory cells 
[21,22]. Its hydrolysis by the membrane proteinase CD10 pro- 
duces a fragment (SP7-11) that can induce synthesis of 
collagenase by chondrocytes [23]. Another active peptide, neuro- 
peptide Y, can increase the inflammatory response within joints 
[24] and may be degraded by cell-surface peptidases such as 
CD10 and CD26, which regulate its interconversion between 
receptor-selective forms and degraded inactive metabolites [25]. 
Many of these membrane peptidases are distributed widely [26], 
suggesting they have an important function in the regulation of 
peptide-mediated control of cell metabolism by either inactivating 
biologically active peptides or cleaving inactive peptides to form 
new active intermediates [27—30]. 

To determine whether link peptide is degraded by a similar 
mechanism, the sites of cleavage of link peptide were investigated 
using U937 monocytes because of the similarity of their pro- 
teinase profile to those of the main cell types found 1n synovial 
fluids during inflammatory episodes [31,32]. During these periods 
of inflammation degradation of Link N would be expected to be 
maximal. We now present data that show that link peptide itself 
is also rapidly degraded 1л a specific manner by plasma- 
membrane-associated peptidases. This may be the primary mech- 
anism by which the effects of this peptide growth factor are 
controlled. 


MATERIALS AND METHODS 
Materials 


Enzyme inhibitors were supplied by Sigma (Poole, Dorset, U.K.) 
and HPLC-grade solvents by Merck (Dagenham, Essex, 


Abbreviations used DFP, di-isopropylfluorophosphate, E64, trans-epoxysuccinyl-L-leucylamido-(4-guanido)butane, Link N, N-terminal link-protein 


peptide 
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U.K.). Tissue-culture medium, serum and Dulbecco's PBS were 
from Imperial Laboratories (Andover, Hants., U.K.). Protein 
assay reagents were obtained from Bio-Rad Laboratories (Hemel 
Hempstead, Herts., U.K.) and Na!"[ was from Amersham 
(Little Chalfont, Bucks., U.K.). All other reagents were from 
Sigma and were of analytical grade. 


Synthetic peptides 


The N-terminal peptide DHLSDNYTLDHDRAIH (Link N) 
was synthesized at the National Institute for Medical Research, 
Mill Hill, London, U.K., using stepwise solid-phase synthesis 
with Fmoc (fluoren-9-ylmethoxycarbonyl) chemistry on an Ap- 
plied Biosystems 431a Automatic Peptide Synthesiser. Its hom- 
ogeneity was determined by C, reversed-phase HPLC and fast- 
atom bombardment MS. It was purified on a Gilson HPLC fitted 
with a 250 mm x 4.6 mm Dynamax 300A Ci, reversed-phase 
column (Rainin Instrument Co.) using a linear gradient of 0 1 94 
trifluoroacetic acid (solvent A) and acetonitrile/0.086 95 trifluoro- 
acetic acid (solvent B) at a flow rate of 1.0 ml/min. Unlabelled 
peptides were detected by peptide-bond absorption at 206 nm 
using a Gilson System Controller and the radioactivity of 
i0dinated peptides measured with a Berthold LB-206 on-line 
monitor and flow cell. Column performance was monitored 
using standard samples of trypsinized horse cytochrome c eluted 
with a 545% gradient of solvent B. 


Radio-iodination of peptides 


Iodo-beads were added to 500-41 aliquots of Link N dissolved at 
a concentration of 1 mg/ml in PBS. After 5 min, 500 aCi of 
Nat] was added, the mixture agitated for 30 min and the iodin- 
ated peptide solution removed and stored at 4 °C. Incorporation 
was routinely > 99.9%, to produce a specific radioactivity of 
1.0 mCi/mg of Link N. Working solutions of iodo-Link N were 
prepared by dilution of this stock peptide with RPMI 1640 
culture medium or PBS. 


Preparation of membranes 


samples of cells were washed with PBS and suspended at a 
concentration of 1 x 10% ın 5 ml of buffer C (5 mM Tris/HCl, 
1 mM sodium bicarbonate, 5 mM magnesium chloride, 1 mM 
calcium chloride, pH 7.4) for 20 min to allow swelling. After 
20 min at a pressure of 65 psi ( = 448.5 kPa) in a Nitrogen Bomb 
the cells were disrupted by cavitation and nuclei and cell debris 
removed by centrifugation at 1000 g. The lysate was pelleted at 
100000 р for 1 h (in a Beckman TL-100 ultracentrifuge), washed 
with 10 mM Tris/HCl, pH 7.4, and resuspended in 200 ul of 
10mM CHAPS/I0 mM Tns/HCl, pH 7.4. Aliquots of this 
solution were used to measure the effects of whole-cell lysates 
on cleavage of Link N. Subcellular fractions were prepared on 
discontinuous sucrose gradients [33]. The lysate (A layer) was 
layered over a gradient of 2 ml of 20% (w/v) sucrose (B layer), 
42 9 sucrose (C layer) and 70 95 sucrose (D layer) ın lysis buffer 
and centrifuged at 52000 g for 60 min. The microsomes (A/B 
interface), plasma membranes (B/C interface) and lysosomal 
fraction (C/D interface) were then diluted with buffer and 
pelleted at 100000 g for 60 min. The plasma-membrane fraction 
pellet was resuspended in 200 ul of Tris buffer, pH 7.4, and- this 
stock was diluted when required for peptide-cleavage experiments 
to produce a membrane solution equivalent to 5 x 10* cells per 
50 ul. The protein content of each fraction was determined with 
the Bio-Rad protein reagent using bovine serum globulin as a 
standard. This procedure successfully purified plasma mem- 
branes, resulting in a 5-fold enrichment of leucine aminopeptidase 
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from 1.0 to 5.3 units/mg in a fraction that contained less than 
1095 of the total protein. There was an accompanying 3-fold 
enrichment of #-D-glucuronidase from 1.0 to 2.7 units/mg in the 
lysosomal fraction. 


Enzyme assays 


To determine the leucine aminopeptidase activity of membranes, 
50-21 aliquots were mixed with 150 д1 of leucine p-nitroanilide 
(1 mg per ml in 10 mM Tris/HCI, pH 7.4) in a 96-well microtitre 
plate. Absorbance was read at 405 nm after 1 h at 37 °С and a 
unit of activity calculated as being equivalent to the increase in 
absorbance produced by 1 mg of membrane in 1 h. f-p-Glucu- 
ronidase activity was used as a marker of lysosomal membranes. 
For this, 10 д1 of membrane were mixed with 2 ml of 1 mM 4 
methylumbelliferyl #-p-glucuronide in 0.1 M sodium acetate, pH 
4.5, at 37 °C for 30 min. The reaction was stopped with 3 ml of 
0.4 M glycine buffer, pH 10.4, and the rate of release of methyl- 
umbelliferone measured on a Locarte fluorimeter. A unit of 
activity was equivalent to the change in fluorescence produced by 
1 mg of membrane in 30 min. 


Proteolysis of Link N by U937 monocytes 


Human U937 monocytes were maintained as suspension cultures 
in RPMI 1640 medium containing 5% heat-inactivated foetal 
bovine serum, 100 units/ml penicillin, 100 mg/ml streptomycin 
and 2 mM r-glutamine in a humidified atmosphere of 595 CO, 
at 37°C Cell viability routinely exceeded 95 % by Trypan-Blue 
exclusion. Aliquots of cells (50 ul, containing 10* cells in serum- 
free RPMI) were mixed with aliquots of 1odinated Link N 
(0.1 uCiin 50 ul of RPMI) and incubated at 37 °C. For membrane 
experiments, aliquots of plasma membranes (50 ul, equivalent to 
5 x 10 cells) were added to 50 ul of iodo-Link N and incubated 
at 37 °C. Proteolysis was terminated by the addition of 200 ul of 
0.1% trifluoroacetic acid followed by filtration of the samples 
(pore size 0.22 mm, Millipore) and proteolysis measured by 
HPLC. When proteinase inhibitors were used these were dis- 
solved in ethanol or DMSO to produce 100-tumes-concentrated 
stock solutions. These were added to cell or membrane samples 
to give the required final concentrations 10 min before the 
addition of Link N. Control experiments used equivalent volumes 
of inhibitor solvents alone. 


Sequence analysis of peptides 


Degradation of Link N was measured by incubation of 100-1 
samples of unlabelled peptide (1 mg/ml in PBS) at 37 °C with 10’ 
U937 monocytes or with 50 wl of a 2 ug/ml solution of plasma 
membranes (equivalent to 2.5 x 107 cells). Incubation was ter- 
minated by adding 200 ul of 0.1% trifluoroacetic acid and 
filtration through a 0.22-mm filter. The resulting peptides were 
separated by reversed-phase HPLC and analysed by solid-phase 
sequencing (Protein Sequencing Service at the National Institute 
for Medical Research). Some peptides were also analysed by fast- 
atom bombardment MS (Department of Chemistry, University 
of Manchester Institute of Science and Technology, Manchester, 
U.K.). 


RESULTS 
Proteolysis of Link N 


Initial time-course experiments were carried out using U937 cells 
in RPMI medium, which contained components that interfered 
with the detection of peptides at both 206 nm and 280 nm. To 
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Figure 1 Processing of iodinated Link N by U937 cells 


lodinated Link N (0 2 01, equivalent to 200 ng of peptide) was incubated with 1 x 105 U937 
cells In 100 ul of RPMI 1640 and aliquots taken for analysis by C,, reversed-phase HPLC 
Radiolabel was detected by on-line gamma counting and expressed as c p m /ml 


Table 1 Effect of proteinase inhibitors on eleavage of lodinated Link N by 
U937 calls 


U937 cells (1 x 10°) were pre-incubated for 10 min with inhibitors prior to the addition of 
02 uC of todinated Link М. Incubabon was terminated after 60 mun by addition of 02% 
tnfluoroacetic acid, and alrquots analysed by C,, reversed-phase HPLC. Values are the 
percentage of total counts present in each peak Peak numbers are those indicated in 
Figure 1 


Peak 1 Peak 2 Peak 3 
Treatment (% Total counts) (% Total counts) (% Total counts) 
Control 45 27 28 
02 mM PMSF 86 8 6 
10 mM DFP 46 25 29 
10 mM Phenanthroline 69 28 3 
10 mM EDTA 45 35 20 
10 mM E64 45 26 28 
20 mM lodoacatamkda 78 18 4 
20 mM Pepstatin A 45 27 28 





avoid complications in interpretation of chromatographs due to 
these interfering components, an alternative method of peptide 
detection was used. It had been shown previously that **I could 
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Figure 2 Processing of lodinated Link N by U937 plasma membranes 


lodinated Link N (0.2 СІ, equivalent to 200 ng of peptide) was incubated with a plasma 
membrane fraction equivalent to 5 x 10° cells in a volume of 100 zd and aliquots taken for 
analysis by C,, reversed-phase HPLC Radiolabel was detected by on-line gamma counting and 
expressed as c p m /ml 


be incorporated into the Tyr? residue of Link N, and that this 
radiolabel could be used to measure cleavage [14]. Iodinated 
Link N peptides could be detected by gamma counting without 
interference from exogenous factors. Cleavage of this labelled 
peptide was rapid, resulting in conversion of Link N peptide 
(Figure 1, peak 1, retention time 16.0 min) into a single labelled 
product (Figure 1, peak 3, retention time 11.6 min) in less than 
4 h under the conditions used (Figure 1). Àn additional peak 
with a retention time of 15.1 min accumulated and then dis- 
appeared, suggesting that there were two sequential cleavages; 
conversion of peak 1 into the intermediate 2, which was 1n turn 
converted into 3. Incubation of iodinated Link N іп medium 
alone induced no breakdown of the peptide and medium that had 
been conditioned by prior incubation with monocytes also had no 
effect, indicating that the enzymes responsible for these cleavages 
were cell-associated and had not been secreted. Breakdown of 
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Table 2 Effect of proteinase inhibitors on cleavage of lodinated Link N by 
U837 plasma membranes 


U937 plasma membranes, equivalent’to 5 x 10° calls, were preincubated for 10 min with 
inhibitors before the addition of 02 0 of iodinated Link № Incubation was terminated after 
60 min by addition of 02% trifluoroacetic acid, and aliquots analysed by C,, reversed-phase 
HPLC Values are the percentage of total counts present In each peak. Peak numbers relate to 
those indicated in Figure 2. 


Peak 1 Peak 2 Peak 3 
Treatment (% Total counts} (% Total counts) (% Total counts) 
Control 41 10 49 
02 mM PMSF 80 5 15 
10 mM DFP 42 9 49 
10 mM Phenanthroline 83 16 1 
10 mM EDTA 42 14 A4 
10 mM E64 41 10 49 
2 0 mM iodoacetamide 88 11 1 
20 mM Poepstatin А 41 10 49 





Link N was inhibited almost completely by the serine proteinase 
inhibitor PMSF, by the metalloproteinase inhibitor 1,10-phenan- 
throline and also by iodoacetamide (Table 1), although none of 
these prevented cleavage completely. In contrast, diasopropyl- 
fluorophosphate (DFP), trans-epoxysuccinyl-L-leucylamido-(4- 
guanido)butane (E64) and pepstatin A had no effect. EDTA did 
not prevent breakdown of the starting peptide but did inhibit 
conversion of the intermediate peak 2 into peak 3, suggesting 
that different enzymes were responsible for each cleavage. The 
inhibitor solvents alone (DMSO or ethanol) did not inhibit 
proteolysis. 

When whole-cell homogenates were tested on Link N before 
membrane fractionation, the peptide was degraded completely 
after 15 min of incubation. No clear sequence of cleavages could 
be deduced, unlike the distinct pattern of cleavages observed 
when whole cells were used. When purified plasma membranes in 


PBS were used in place of whole cells, however, an almost 
identical pattern of cleavage was seen. Link N (Figure 2, peak 1, 
retention time 16.0 min) was again converted into a single labelled 
final product (Figure 2, peak 3, retention time 11.7 min) 1n 6 h. 
An intermediate peak (Figure 2, peak 2, retention time 15.0 min) 
again accumulated but less rapidly, reaching a maximum of 15% 
of the total label after 2h of incubation, compared with a 
maximum of 40 % when the peptide was degraded by whole cells. 

As with whole cells, breakdown of the peptide by membranes 
was inhibited by PMSF, 1,10-phenanthroline and iodoacetamide 
(Table 2). EDTA did not affect breakdown of the starting 
peptide but did inhibit further processing of the intermediate 
peak 2 Again, DFP, E64 and pepstatin A had no significant 
effect on either cleavage. These data showed that the pattern of 
proteolysis observed with intact cells was duplicated by plasma 
membranes and involved at least two sequentially acting enzymes. 
The relative activities of each of these had altered slightly during 
membrane preparation, giving mse to the small differences 
observed in the relative rates of cleavage. The specific inhibitors 
of membrane proteinases captopril and phosphoramidon 
(10 uM) had no measurable effect on cleavage of Link N but 
bestatin, an aminopeptidase inhibitor, reduced breakdown to 
less than 5% of uninhibited controls. 


Determination of cleavage sites 


To produce sufficient quantities of peptides for direct amino acid 
analysis and mass analysis, microgram quantities of unlabelled 
Link N in PBS, which contained no interfering peptides, were 
used as a substrate to determine the sites of cleavage. Four major 
peaks were resolved when the peptide was degraded by intact 
cells (Figure 3). Peak cl, the parent peptide, was not sequenced. 
Peak c2 (retention time 14.0 min) and peak c3 (9 8 min) were 
both resolved as double peaks, which is often characteristic of a 
C-terminal histidine residue, which may be present as both p and 
L isomers that can be distinguished when peptides are detected by 
absorption at 206 nm. Peak c4 (6.8 min) was resolved as a single 
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Figure 3 Cleavage of Link N by 0937 cells 


Link N (100 дд) was incubated for 4 h with 5 x 10° cells In 200 ш! of PBS and the peptides separated for sequence analysis by C,, reversed-phase HPLC, Peptides were detected by absorbance 
of peptkla bonds at 206 nm and expressed as a percentage of maximal absorption on an adjustable scale 
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Figure 4 Cleavage of Link N by 0837 plasma membranes 


Link N (100 ид) was incubated for 24 h with plasma membranes equivalent to 1 х 10" calls in 200 ш of PBS and the peptides separated by С.в reversed-phase HPLC Peptides were detected 
by absorbance of peptide bonds at 206 nm and expressed as a percentage of maximal absorption on an adjustable scale 


component and therefore did not contain sequences from the C- 
terminal end of the peptide. The supernatant solution from cells 
that had been incubated in PBS for 24 h contained no detectable 
peptides and there was no breakdown of Link N when it was 
incubated in PBS alone, showing that each of these components 
had been denved by cell-mediated proteolysis. 

The similarity in retention times of peaks 2 and 3 (Figure 1) 
resulting from cleavage of either iodinated or unlabelled Link N 
suggested that they had identical sequences. Analysis of these 
products showed that peaks c2 and c3 were N-terminally 
truncated forms of Link N with sequences DNYTLDHDRAIH 
and DHDRATH respectively. Although peak c3 did not contain 
any measurable tyrosine, its retention time corresponded to that 
of peak 3 derived from 10dinated Link N, suggesting that it may 
have co-eluted with a minor tyrosine-containing peptide having 
an identical retention time. No clearly defined sequence could be 
assigned to peak c4 The identities of peaks c2 and c3 were 
confirmed by mass spectral analysis, which gave values of 
1472 Da and 862 Da, respectively, identical to those predicted 
from their amino acid compositions. 

Analysis of the peptides produced from Link N by isolated 
plasma membranes showed that the same three peaks (peaks m2, 
m3 and m4, Figure 4), corresponding to peaks c2, c3 and c4 
(Figure 3) were present. Peak m2 (retention time 14.0 min) and 
peak m3 (retention time 9.8 min) again had the double peak 
characteristic of a C-terminal histidine and corresponded to 
peaks 2 and 3 derived from iodinated Link N (Figure 2). Peak m4 
(retention time 6.8 min) was again present as a single peak and 
two further peptides, present in only trace amounts when whole 
cells were used, were resolved. Peptide m5 had a retention time 
of 16.4 min, greater than that of the starting peptide and peak m6 
(retention time 9.0 min) had the double peak characteristic of a 
C-terminal histidine. These additional peaks may have been 
present in larger proportions than when whole cells were used 
because of the increased time of incubation used for membrane 
experiments. 

Sequence analysis of the peptides produced by plasma mem- 
branes showed that there was a somewhat more complex 
mechanism of breakdown than had been observed with intact 


Table 3 Sequences of Link N cleavage fragments produced by plasma 
membranes 


The sequences of the cleavage fragments are those present in each of the components shown 
in Figure 4 


Peak Retention time (min) Sequence 

m2 140 SDNYTLDHDRAIH 
DNYTLDHDRAIH 
NYTLDHDRAIH 

m3 98 DHDRAIH 

m4 68 Y, L 

m5 164 Not sequenced 

m6 90 DRAIH 





cells (Table 3). Peak m2 was a mixture of three unresolved 
peptides with the same retention times but each with a different 
N-terminus. These consisted of the sequence DNYTLDHDR- 
AIH together with two related peptides containing one more or 
one less amino acid. Peak m3 was again identified as DHDRATH 
and did not therefore contain tyrosine, although its retention 
time suggested that it may have corresponded to peak 3 derived 
from iodinated Link N. The new peak m6 was a peptide from 
which two further N-terminal amino acids had been removed 
to produce the product DRAIH. Peak m4 contained free 
tyrosine and leucine but peak m5 could not be identified by 
direct sequence analysis. 


DISCUSSION 


Earlier experiments have shown that the cartilage-derived growth 
factor Link N 1s rapidly degraded by a variety of different cell 
types, including chondrocytes and macrophages [14]. À similar 
method of inactivation has been described for a number of other 
small, biologically active peptides [26]. Proteinases not normally 
synthesized by chondrocytes have been identified in articular 
cartilage and are thought to originate from neutrophils, macro- 
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Figure 5 Proposed scheme for cleavage of Link М 


(a) The inital scheme proposed for cleavage of Link N by intact cells involved the first cleavage 
by a senna protease E1 at Ser*-Asp? followed by a cleavage by the metalloprotease E2 at 
Leu®-Asp’® ¢2 and еЗ are peptides with known sequences, c3 and c4 are deduced 
assignments (b) The scheme proposed for cleavage of Link N by purlhed plasma membranes 
An obligatory initial cleavage by a serine protease Et at Leu*—Ser^ 1 followed by sequential 
aminopeptidase cleavages Ea represents known sites of aminopeptidasa cleavage and Eb sites 
of cleavage that must occur to liberate free tyrosine The endopeptidase represented by Ec 
corresponds to the EDTA4nhibitable enzyme E2 The peptides designated m2—m6 correspond 
to peaks m2—m6 depicted in Figure 4 


phages, synoviocytes and lymphocytes [34]. One or more of these 
proteinases may be responsible for cleavage and inactivation of 
Link N. U937 monocytes were therefore chosen to investigate 
the mechanism and sites of cleavage because of the similarity of 
their proteinase profile to those of the main cell types found in 


synovial fluids during episodes of inflammation [31,32] when 


degradation of Link N would be expected to be maximal. 

Time-course experiments using radio-iodinated Link N showed 
that at least two cell-associated proteinases were involved in its 
cleavage to produce a final labelled product Since PMSF 
abolished degradation of Link N almost completely, this first 
cleavage appeared to be essential before cleavage of the resulting 
intermediate radiolabelled peptide by the second, EDTA-sen- 
sitive, peptidase could take place. Phenanthroline inhibited both 
enzymes, suggesting that the enzyme responsible for the first 
cleavage may have been a metal-dependent serine protease. 
Although iodoacetamide also inhibited breakdown, the lack of 
action of E64, a specific thiol-protease inhibitor, indicated that 
this may have been a non-specific effect. 

When unlabelled Link N was used as a substrate, several 
additional peptides that did not contain a labelled tyrosine were 
resolved. Sequencing of these suggested that the initial cleavage 
of the peptide at Ser*- Asp* by an unknown serine proteinase E1 
had released the peptide DHLS (corresponding to component 
c4) from Link N The subsequent cleavage of the remaining 
peptide DNYTLDHDRAIH at the Leu*-Asp!? bond by the 
metalloproteinase E2, as depicted in Figure 5(а), released 
the remaining peptide DHDRAIH from DNYTL, which may 
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have co-eluted with peak c3 but have been degraded too rapidly 
to be detected during sequencing. This would account for the 
presence of tyrosine in this fraction when iodinated peptide was 
used as a substrate. 

The profile of Link N breakdown produced by U937 plasma 
membranes (Figure 4) was almost identical to but more complex 
than that seen with whole cells (Figure 3), indicating that the 
mechanism of degradation was essentially the same and involved 
membrane-associated proteinases. However, two additional 
minor peaks were detected that were present as trace amounts 
only when whole cells were used. Peak m2 contained two 
additional peptides with either one more or one less amino acid 
in addition to the DNYTLDHDRAIH sequence. These data 
suggested that the initial serine proteinase El had removed a 
tripeptide DHL, not a tetrapeptide, and that the resulting 
sequence SDNYTLDHDRAIH had undergone further pro- 
cessing by the action of aminopeptidases. The sequence data for 
the breakdown of Link N by whole cells showed that trace 
quantities of serine were present as an alternative first residue to 
aspartate, indicating that when intact cells were used, cleavage 
of serine from the newly generated N-terminal of SDNYTL- 
DHDRAIH was extremely rapid but was reduced when purified 
membranes were used. When the sequences of the peaks were 
determined, m2 was shown to contain a Tyr’ residue as 
expected and probably corresponded to the radiolabelled inter- 
mediate peak 2. However, m3 was too truncated to contain 
tyrosine and it appeared tbat following cleavage of DHLS from 
Link N at Ser?'-Asp*, the E2 cleavage liberated the peptide 
DNYTL from DNYTLDHDRAIH by cleavage at Leu*-Asp!?. 
Although DNYTL was not detected by sequence analysis, it may 
have co-eluted with DHDRATIH, explaining the localization of 
the labelled peak m3 derived from iodinated Link N to this 
region of the chromatograph. Peptide DNYTL was then de- 
graded rapidly by the subsequent action of aminopeptidases and 
endopeptidases, as depicted in Figure 5(b). The initial cleavage 
by a serine-dependent protease was followed by a metallo- 
endopeptidase that cleaved the remaining peptide into two and 
sequential trimming by one or more amunopeptidases then 
released a series of sub-peptides. 

The U937 cells used in these experiments express both elastase 
and cathepsin G, two proteinases that are important in the 
degradation of articular cartilage, either directly or through 
modulation of metalloproteinase activity [35-37]. Although these 
enzymes are normally lysosomal in origin, they have been purified 
from U937 plasma membranes [38] and either of these may have 
been responsible for this first cleavage. However, Link N was not 
cleaved by either a commercial preparation of human leucocyte 
elastase or by stromelysin itself (results not shown). 

U937 plasma membranes also express a number of metallopep- 
tidases. These include dipeptidyl peptidase IV (CD26), amino- 
peptidase N (CD 13), and angiotensin-converting enzyme [39,40]. 
A membrane-bound form of the metalloprotease aggrecanase, 
which is inhibited by EDTA and the endopeptidase 24.11 (CD10) 
have also been described on chondrocytes [41,42]. Breakdown of 
Link N was not, however, inhibited by phosphoramidon, a 
specific inhibitor of endopeptidase 24.11, or by captopril, an 
inhibitor of angiotensin-converting enzyme. A membrane form 
of the thiol-dependent metalloendopeptidase .thimet oligo- 
peptidase has been described [43,44], athough it 1s not known 
whether this is expressed on U937 cells. This enzyme is able to 
cleave peptides ranging from 6 to 17 residues in length and like 
the Link N peptidases 1s inhibited by EDTA and phenanthroline 
but 1s unaffected by DFP or phosphoramidon [43]. Thimet 
oligopeptidase ıs known to inactivate a number of biologically 
active peptides including bradykinin, neurotensin, angiotensin, 


substance P and « endorphin and may therefore have been the 
enzyme responsible for one or more of the endopeptidase 
cleavages of Link N. Bestatin, a specific inhibitor of amino- 
peptidases, also inhibited cleavage of Link N, indicating that one 
or more of this group of enzymes may have been responsible for 
some of the additional N-terminal cleavages observed. 

Membrane-peptidase-mediated inactivation of a large number 
of other biologically active peptides has been well documented 
[39,40]. Since data from previous experiments have shown that 
N- and C-terminally truncated link peptides with the sequences 
SDNYTLDHDR and DNYTLDHDR lost their ability to 
stimulate proteoglycan synthesis [15], it is probable that Link N 
was also inactivated by rapid specific cleavage mediated by 
membrane-associated proteinases. 
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Evidence that 12-lipoxygenase product 12-hydroxyeicosatetraenoic acid 


activates p21-activated kinase 
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The effect of 12-hydroxyeicosatetraenoic acid (12-HETE), an 
arachidonic acid metabolite of 12-lipoxygenase, to activate 
p21 Fec/cdc48_activated kinase (PAK1) was studied in a Chinese 
hamster ovary fibroblast cell line overexpressing the rat vascular 
type-1a angiotensin П receptor (CHO-AT,,). 12-НЕТЕ (0.1 uM) 
treatment induced a time-dependent activation of PAK], with a 
peak effect at 10 min (335+16% of control; n = 3, P < 0.001). 
The stimulatory effect of 12-НЕТЕ on РАКІ activity was dose- 
dependent, with the maximal activation at 0.01 uM (350 1594 
of control; n = 3, P < 0.001). A РАКІ fragment encoding the 
Cdc42/Rac binding domain (amino acid residues 67-150 of 
hPAK1 termed PBD), was transfected into CHO-AT,, cells. 
PBD transfection markedly reduced 12-HETE-induced РАКІ 
activation. Furthermore, transfection of dominant negative 
Cdc42 and Raci inhibited 12-HETE-induced РАКІ, strongly 
suggesting that Cdc42 and Rac] are the upstream activators 


of 12-HETE-induced РАКІ activation. Low concentrations 
(1.5 uM) of LY294002, a highly specific inhibitor of phospho- 
inositide 3-kinase (PI-3K), abolished 12-HETE-induced PAK] 
activation, suggesting that PI-3K activation is upstream of 
12-HETE-induced РАК 1 activation. Transfection of dominant 
negative РАКІ blocked 12-HETE-induced РАКІ, cJun N- 
terminal kinase (JNK 1) and extracellular-signal-regulated kinase 
(ERK) activity, while transfection of constitutively active PAK 1 
stimulated PAK1, JNK1 and ERK activity, suggesting that 
РАК 1 18 an upstream activator of 12-HETE-induced JNK1 and 
ERK activation in these cells. We conclude that 12-HETE can 
activate Cdc42, Racl and PI-3K, which then participate as 
upstream signalling molecules for РАКІ and JNK! activation. 


Key words: Cdc42, phosphoinositide 3-kinase, Rac. 





INTRODUCTION 


p2l-activated kinases (PAKs) аге а novel group of 60-70 kDa 
serine/threonine kinases [1]. Several distinct members of the 
PAK family have been identified [2—5]. The C-terminal catalytic 
domain of PAKs is 60-70 % identical to Saccharomyces cerevisiae 
Ste20, an enzyme involved in linking pheromone-activated G 
protein-coupled receptors to a mitogen-activated protein (MAP) 
kinase cascade. The N-terminal segment of the PAK family 
of kinases contains a Cdc42/Rac interactive binding (CRIB) do- 
main and several proline-rich sequences similar to canonical SH3 
domain binding regions [6,7]. It has been demonstrated that 
glutathione S-transferase (GST) fusion proteins containing the 
SH3 domains of Nck and phospholipase Cy can bind to PAK3 
and РАКІ in an in vitro binding assay [6]. 

PAKs complex specifically with activated (GTP-bound) Cdc42 
and Rac proteins, but not Rho proteins, leading to kinase 
autophosphorylation and activation, while GDP-bound forms of 
Rac and Cdc42 do not interact with the kinases [1] The 
mechanism that underlies the stimulation of kinase activity by 
these GTP-binding proteins is not fully known. It is likely that 
the binding of the GTPase to an identified specific region, the 
CRIB domain, within the N-terminal half of the kinase releases 
a negative constraint [4]. New evidence shows that PAK proteins 
contain a basic region, consisting of three contiguous lysine 


X" residues (Lys**-Lys®’-Lys™) which lie outside of the previously 


identified CRIB and are required elements for Rac/PAK inter- 


Abbreviations used CHO-AT,, cells, angiotensin Il receptor-transfected Chinese hamster ova 
hydroxyeicosatetraenoic acid, LO, lipoxygenase, PAK, p21P99/0*^4? activated kinase; PBD, p214 


action [8]. It was also recently suggested that Rac functions 
downstream, instead of upstream, of phosphoinositide 3-kinase 


. (PI-3K). in the insulin signalling cascade leading to activation 


of PAK65 [9] 

Evidence has shown that Cdc42/Racl can activate the cJun N- 
terminal kinases (JNKs) and p38 MAP kinase in certain cell 
types upon co-transfection [10—13]. The potential candidates for 
coupling Cdc42/Racl to JNK are the PAK family, including 
РАКІ, PAK2 and PAK3. PAK fragments that include the CRIB 
inhibit epidermal growth factor activation of JNK and 
interleukin-1 activation of p38. Moreover, constitutively active 
mutants of PAK1 or PAK3 activate JNK and p38 kinases upon 
co-transfection. However, the identity of the PAK substrate(s) 
that couple these kinases to stress-activated protein kinase/JNKs 
and p38 pathways and the mechanisms involved in this activation 
have not yet been elucidated [14]. 

The 12-hpoxygenase (12-LO) enzyme generates active lipids 
from arachidonic acid. The lipid products of 12-LO, including 
12-hydroxyeicosatetraenoic acid (12-HETE), have been shown 
to lead to growth promoting or inflammatory changes in various 
types of cells Our previous studies have demonstrated that 12- 
LO products can promote cell growth in Chinese hamster ovary 
fibroblasts stably overexpressing the angiotensin type Ia receptor 
(CHO-AT,,) [15]. 12-HETE activates extracellular-signal-regu- 
lated kinase (ERK) [14] and JNK1 in CHO-AT,, cells when 
added in the medium [16] In the present study, we demonstrate 
for the first time that 12-LO products are able to activate PAK. 


cells, JNK, cJun N-terminal kinase, 12-HETE, 12- 
9? binding domain, CRIB, Rac/Cdc42 interactive 


binding domain, FBS, fetal bovine serum, DTT, dithiothreitol, MLK, mixed lineage kinase, PI-3K, phosphoinositide 3-kinase, ERK, extracellular-signal- 
regulated kinase; MKK, mitogen-activated protein kinase (MAPK) kinase; MEK, MAPK/ERK kinase 
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The data indicate that small-molecular-mass GTP-binding 
proteins are involved as upstream activators of PAK, and 
moreover, that PI-3K is involved in activating PAK in response 
to 12-HETE Finally, we demonstrate that PAK 1s an upstream 
activator of JNK and ERK in CHO-AT,, cells. 


MATERIALS AND METHODS 
Reagents 


Ham's F-12 medium and fetal bovine serum (FBS) were supplied 
by Irvine Scientific (Santa Ana, CA, U.S.A.). BSA (fatty acid 
free), leupeptin and aprotinin were from Sigma 12-HETE and 
LY294002 were from Biomol (Plymouth, Meeting, PA, U.S.A.). 
Wortmannin was from Alexis Corporation. Dr Michael Karin 
(UC San Diego, СА, U.S.A.) kindly provided the GST-cJun 
(amino acid residues 1—79) plasmid. JNK1 antibody was from 
Santa Cruz Biotechnology. [y-?*PJATP was from New England 
Nuclear Corp. (Bannockbure, IL, U.S.A.). РАКІ antibodies [2] 
and the following plasmids: pCVM6M-PBD (residues 67-150); 
wild-type PAK 1; dominant negative РАКІ, PAK1K299R, con- 
stitutively active РАКІ, PAKIT423E; empty vector, pRK5; 
dominant negative Rac, pRK5—RacT17N; and dominant nega- 
tive CDC42, pRK5-CdcA42T17N were used. 


Cell culture and preparation of cell extracts 


CHO-AT,, cells were maintained in 100 mm dishes in Ham's F- 
12 media with 10% FBS, as described in [15-17] Cells were 
growth-arrested by incubation in depletion medium (Ham's F-12 
medium containing 1 mg/ml BSA and 20 mM Hepes, pH 7.4, 
for 72 h prior to use. Cells were treated with 12-HETE in serum- 
free, BSA-containing medium. After washing twice with cold 
PBS, the cells were lysed by lysis buffer (50 mM Hepes, pH 7.5, 
150 mM NaCl, 5mM MgCl, 1 mM EGTA, 50mM NaF, 
10 mM sodium pyrophosphate, 1 % Nonidet P40, 2.5 % glycerol, 
and 1 mM sodium orthovanadate, containing the protease in- 
hibitors PMSF, leupeptin and aprotinin) The lysate was 
centrifuged at 14000 x g at4 °C for 10 min. Protein determination 
of lysate was done by the Bradford method. 


Transient transfection In CHO-AT,, cells 


Plasmids used were endotoxin-free and prepared by EndoFree 
plasmid kit (Qiagen) using the standard protocol The DNA- 
transfection method used was a cationic liposome-mediated trans- 
fection with DOSPER liposomal transfection reagent (Boehringer 
Mannheim) which followed the manufacturer's instructions. 
Briefly, the cells were plated the day before the transfection 
experiment at 3 х 10* cells per 100 mm dish. Next day, cells 
were washed with Opti-MEM? reduced-serum medium (Gibco 
BRL) and incubated in 5 ml of Ham's F-12 with 1% FBS. 
А 45 пв РОЅРЕК/15 де plasmid mixture was prepared 
and added to each dish After 5h incubation the transfection 
medium was replaced and 8 ml of fresh depletion medium was 
added, containing 1% FBS, for overnight incubation. The cells 
were washed twice with depletion medium, incubated in the same 
medium for another 32 h, and harvested. 


Immunoprecipitation and PAK1 activity assay 


For immunoprecipitation, 300 ug of lysate protein was incubated 
with PAKI antibody (1:20) [2] in the lysis buffer overnight at 
4 °C, followed by incubation with 60 ul ofa 50 % slurry of Protein 
A beads for 60 min. After washing 3 times with lysis buffer and 
twice with kinase buffer, the kinase activity was measured in 
60 д1 of kinase buffer [50 mM Hepes, pH 7.4, 10 mM MgCl, 
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2 mM MnCl, and 0.2 mM dithiothreitol (DTT)] containing 2 ug 
of myelin basic protein and 20 uM ATP and 5 4Ci of [y-?*PJATP. 
After incubation for 30 min at 30 °C, the reaction was stopped 
with 5 x Laemmli sample buffer and resolved on an SDS/12% 
polyacrylamide gel, followed by autoradiography. 


immunoprecipitation and Jun kinase assay 


For immunoprecipitation, 50 ug of lysate protein in diluted 
WCE buffer (20 mM Hepes, pH 7.7, 75 mM NaCl, 2.5 mM 
MgCl, 0.1 mM EDTA, 0.05% Triton X-100, 0.5 mM DTT, 
20mM _ f-glycerophosphate, 0.1 mM sodium orthovanadate, 
5 ug/ml leupeptin and aprotinin and 0.1 mM PMSF) was used, 
mixed with 10 4] of JNK-1 antibody, and the mixture was 
rotated at 4°C overnight and added to 60 ul of Protein A- 
Sepharose. After 1 h incubation at 4 °C, the beads were washed 
4 times with diluted WCE buffer, the pelleted beads were 
resuspended in 60 ul of kinase buffer, 20 mM Hepes at pH 7.6, 
20mM MgCl, 20mM Jf-glycerophosphate, 20 mM p-nitro- 
phenyl phosphate, 0.1 mM sodium orthovanadate and 2 mM 
DTT, containing 24g of GST-cJun (residues 1-79) and 
20 uM ATP and 5 &Ci of [y-*PJATP. After 30 min at 30 °C, 
the reaction was stopped with 5x Laemmli sample buffer and 
resolved оп an SDS/12% polyacrylamide gel, followed by 
autoradiography. According to the manufacturers data, the 
antibody JNK-1 is specific for the JNK-1 protein and does not 
react to any significant degree with JNK-2. 


Immunoprecipitation and ERK assay 


Immunoprecipitation and kinase assay were also used for ERK 1 
activity measurement. A 50 ug sample of lysate protein was 
added in 500 4] of ERK buffer [50 mM Hepes, pH 7.4, 1% 
Triton X-100, 80mM  Z-glycerophosphate, 10 mM EGTA, 
2mM EDTA, 1 mM nitrophenyl phosphate, 10 mM NaF, 
10 mM pyrophosphate, 1 mM sodium orthovanadate, 20 ug/ml 
of leupeptin and aprotinin, and 0.1 mM PMSF) and mixed with 
10 wl of ERKI antibody. The mixture was rotated at 4°C 
overnight, then the solution was added to 60 д1 of Protein 
A-Sepharose. After 1 h incubation at 4°C, the beads were 
washed 4 times with diluted ERK buffer, the pelleted beads 
were resuspended in 60 ul of kinase buffer (20 mM Hepes at 
pH 7.4, 10 mM MgCl, 5 mM f-glycerophosphate, 20 mM p- 
nitrophenyl phosphate, 0.1 mM sodium orthovanadate, 2 mM 
DTT, 2 ug of myelin basic protein and 20 «М ATP and 5 [Сі of 
[y-" PJA TP). After 30 min at 30°C, the reaction was stopped 
with 5 x Laemmli sample buffer and resolved on an SDS/12% 
polyacrylamide gel, followed by autoradiography. The antibody 
against ERK] was from Santa Cruz. 


Detection of PAK1 and PAK2 in CHO-AT,, celis by immunoblotting 


A sample of protein (20-30 ug) from CHO-AT,, cell lysate was 
resolved with SDS/7.5 % PAGE, transferred on to nitrocellulose, 
and probed with antisera detecting both PAK1 and PAK2, as 
described ın [2] 


Data analysis 


The results are expressed as means+S.E.M. from combined 
experiments, as noted in each legend. ANOVA with Dunnett's, 
Tukey-Kramer's multiple comparisons tests, or Student's f-tests 
were used to analyse the data. Autoradiograms of the JNK 
activity studies were analysed with an automated computerized 


densitometer (SCISCAN 5000; USB, Cleveland, OH, U S.A.). 
Measurements were made in the linear range and the values 
expressed as arbitrary attenuance units or fold over control. 


RESULTS 
12-10 products activate, PAK activity 


The time frame. for РАКІ activation induced by the 12-LO 
product, 12-HETE, was first assessed in CHO-AT,, cells serum 
depleted for 3 days. The data in Figure 1 show that 0.1 uM 12- 
HETE treatment elicited РАКІ activation as early as 5 min 
(140 + 11945 of control; n = 3) and the effect reached a peak at 
10 min (335+16% of control; n = 4, P < 0.001). РАКІ acti- 
vation was sustained to 10 min (290+9% of control; n = 3, 
P « 0.001) and decreased thereafter. However, 12-HETE still 
significantly activated РАКІ activity at 60 min (196+ 219% of 
control, л = 3, P « 0.01). 

The dose-dependent activation of PAK 1 by 12-HETE was also 
studied. Concentrations of 12-HETE as low as 0.1 nM could 
activate PAK 1 activity (183 + 20 % of control; n = 3, Р < 0.05). 
The peak effect for activation was reached at 0.01 uM 12- 
HETE (350+15% of control; п = 3, P < 0.001). These data 
indicate that 12-HETE can dose-dependently increase PAKI 
activity in CHO-AT,, cells. To elucidate the particular PAK 
isoforms involved in 12-HETE activation, we first examined 
whether РАКІ or PAK2 is expressed in CHO-AT,, celis. Figure 
2(a) represents a Western blot with an antibody which can detect 
both PAKI and PAK2, showing bands at 67 and 62 kDa, 
indicating that the РАКІ and PAK2 isoforms are expressed ın 
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Figure 1 Time course of РАКІ activation by 12-HETE in CHO-AT,, cells 


Tha calls were gently washed and placed in depletion medium for 72 h pror to use After 
Incubation for 30 min, the cells were treated with 12-HETE (0.1 М) or with ethanol The 12- 
HETE treatment was terminated by washing twice with PBS and adding 300 ді of lysis buffer 
as described in the Materials and methods section Top panel shows a representative 
autoradiogram of phosphorylated MBP bands from а gs! РАКІ activity was measured with MBP 
as a substrate Bottom panel shows the densitometric quantificabon of PAK1 activity stimulated 
with 0.1 4M 12-HETE or ethanol in the control for the time indicated Each point is an average 
(means +S E M ) from at least 3 saparate experiments Results are expressed as stimulatron 
over control. 
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Figurs 2 Western blot of PAK1 and PAK2 expression and 12-HETE 
activates PAK1 and PAK2 activity in CHO-AT1a cells 


(a) Neutrophil cytosol! protein (20 ug, left lane) or 30 ug of CHO-AT,, cell cytosol protein 
(right lane) was resolved by SDS/PAGE, transferred on to a nitrocellulose membrane, 
and probed with antisera recognizing РАКІ and PAK2 The upper band is located at 67 kDa, 
the lower band at 62 kDa (B) CHO-AT,, calls were treated with 0.1 дМ 12-НЕТЕ or vehicle 
{ethanol} in the control for 10 min Detergent-containing lysates were immunopreciprtated with 
anti-PAK1 or anti-PAK2 antibodies Phosphorylation reactions were conducted with MBP as 
substrate The two ЮЙ bands show the basal and 12-HETE-stimulated PAK1 activity, the nghi 
bands show the basal and 12-HETE-stimulated PAK2 actrvrty identical results were seen in 3 
experiments 


CHO-AT,, cells. A protein lysate from human neutrophils were 
taken as a control showing the same two bands. Figure 2(b) 
shows that 12-HETE activates predominantly РАКІ. The anti- 
body used was specific to PAK 1 in the РАК 1 activity assay, or 
specific to PAK2 1n the PAK2 activity assay. 


Small-molecular-weight GTP-binding proteins are the direct 
activators of PAK 


To elucidate the mechanism of PAK] activation by 12-HETE, a 
PBD plasmid encoding 84 amino acids (РАК І, residues 67—150) 
which includes the CRIB domain was transfected into CHO- 
AT,, cells. Figure 3 illustrates that PBD transfection almost 
completely inhibited 12-HETE-induced PAK 1 activation (л = 4, 
P < 0.001). PBD transfection itself had no effect on basal РАКІ 
activity. Cells were treated with the transfection reagents only in 
the non-PBD-transfected group (without empty vector) under 
the same conditions. Dominant negative Raci and Cdc42 
GTPase mutants were used to confirm this result. Plasmids 
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Figure 3 Inhibitory effect of transient transfection of PBD plasmid on 12- 
HETE-Inducad PAK1 activation 


For the PBD-transfected group, CHO-AT,, cells were transiently transfected with 15 4g of PBD 
plasmid as described in the Materials and methods sechon For the non-PBD transfected group, 
CHO-AT,, cells were treated with the same transfecton reagents as the PBD-transfected 
group Calls were then treated with 12-HETE or ethanol for 10 nun The top panel illustrates a 
representative autoradiogram of phosphorylated MBP bands, the bottom panel illustrates the 
densitometric quantification Each point is an average (means +S E M ) of at least 3 separate 
experiments Results are expressed as stimulation over control The PAKI activity was 
measured as descnbed in the Materials and methods section 
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Figure 4 The effects of transfection of Rho GTPase mutants on PAK1 or 
JNK1 activity in CHO-AT,, celis 


CHO-AT,, cells were transiently transfected with varlous dominant negativa Raci and Cdc42 
GTPases or empty vector as described in the Materials and methods sechon Celis then were 
treated with 12-HETE or ethanol (contror) for 10 min Cell extracts were used for PAKT and 
JNK1 activity measurement Similar results were obtained from two experiments 


RaciT17N, Cde42TI7N and empty vector рЕК 5 were tran- 
siently transfected into CHO-AT,, cells. The transfected cells of 
each construct were divided into two samples, treated with 
ethanol or with 12-HETE, then РАКІ and JNK 1 activity of the 
lysates was measured as shown in Figure 4. The upper line of 
Figure 4 shows the effect of Rac and Cdc42 mutant transfection 
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Figure 5 The РІ-3-К Inhibitor LY294002 inhibits 12-HETE-nduced PAK1 
activity 


Cells were pretreated with different concentrations of LY294002 or DMSO in the control for 
30 min, then treated with 12-HETE (0 1 gM) or ethanol in the control for 10 min, РАКІ activity 
was measured as described in the Matenals and methods section The Figure shows a 
representative autoradtogram of phosphorylated MBP bands from 3 similar experiments 


on 12-HETE-induced PAK] activation. 12-HETE stimulated 
РАКІ activity in the cells expressing the empty vector compared 
with the PAK] activity of cells treated with ethanol. The trans- 
fection of dominant negative Cdc42 (Cdc42T17N) completely 
attenuated 12-HETE-induced РАКІ activation. Interestingly, 
dominant negative Racl (Кас! T17N) significantly inhibited the 
basal РАКІ activity Although 12-HETE could still increase 
PAK І activity, 12-HETE addition could not reverse PAK activity 
to the basal level seen in empty vector-transfected cells. These 
results clearly support the role of Cdc42 and Касі in 12-HETE- 
induced activation of РАКІ. Dominant negative Cdc42 and 
Racl mutants were also used to further evaluate the role of 
GTPases ın the response of INK] activation by PAK. Part 
of cell extract from the samples for measuring the effect of mutant 
transfection on РАКІ activity was used for measuring JNK1 
activity. The results of these studies are seen on the bottom line 
of Figure 4. 12-HETE stimulated JNK 1 activity in cells expressing 
empty vector. However, 12-HETE no longer activated JNK1 
activity in cells expressing dominantly negative Cdc42 (Cdc- 
42T17N) and negative Касі mutant (RaciT17N), thus strongly 
suggesting that the 12-HETE activation pathway on JNK] is 
mediated by Cdc42 and/or Кас]. 


Evidence that PI-3K is an upstream activator of PAK 


To evaluate whether PI-3K lies upstream of РАКІ ın the 12- 
HETE-activated signalling pathway, the selective PI-3K 1nhibitor 
LY294002 was used. As shown in Figure 5, LY294002 at a 
concentration of 1.5 «М completely blocked 12-HETE-induced 
PAK activation. LY294002 had no detectable effect on basal PI- 
3K activity. Wortmannin, another inhibitor of PI-3K, at 100 nM 
also significantly reduced 12-HETE-induced PAK activation 
(results not shown). 


— 


12-Hydroxyelcosatetraenoic acid and p21-activated kinase 485 





Wiid type Negative 


Active 





Figure 6 Effect of transient transfection of PAK1 mutants on 12-HETE- 
induced PAK1 and JNK1 activity 


CHO-AT,, cells were transfected with wild-type РАКІ, dominant negative РАКІ plasmid, or 
constitutively active PAK1 as described in the Matenals and methods section The transfected 
calls ware treated with 12-HETE (0.1 44M) or ethanol (control) for 10 тіп. The same lysate was 
used for both РАКІ and JNK1 activity measurements Shown are representative autoradiograms 
of phosphorylated MBP bands (top panel) and phosphorylated GST--cJun (residues 1—79) 
(bottom panel) Results are representative of 3 similar experiments 
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Figure 7 Effect of PAK1-PBD on 12-HETE-Induced PAK1 and JNK1 activity 


The transfection procedure was performed as described in the Materrals and methods section 
Cells were treated with 12-HETE (0 1 М) or ethanol (control) for 10 min The same fysate was 
used for both PAK and JNK activity measurements Autoradrograms of phosphorytated MBP 
bands (top panel) and phosphorylated GST-cJun (residues 1—79) (bottom panel) are 
representative of results from 3 similar experiments 


PAK lies upstream of JNK in the 12-HETE-Induced pathway 


To further elucidate whether PAK] is an upstream activator of 
JNK1 in the 12-HETE-induced pathway, РАКІ wild-type 
(PAK1wt), dominant negative РАКІ (PAKIK229R) [12] and 
constitutively active PAK 1 (PAK 1T423E) were transiently trans- 
fected into CHO-AT,, cells. After stimulation with 12-HETE or 
ethanol, the cells were lysed to measure РАКІ and JNKI 
activity. As shown in top panel of Figure 6, 12-HETE treatment 
stimulated PAK 1 activity in wild-type PAK І transfected cells. In 
contrast, 12-HETE-induced PAK 1 activity was clearly inhibited 
in dominant negative РАК 1 transfected cells. РАКІ activity was 
increased in constitutively active РАК 1 transfected cells in the 
&bsence of 12-HETE treatment. The same lysates from these 
transfection experiments were collected to analyse the effect of 
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Figure 8 Effect of transient transfection of РАКІ matants on 12-HETE- 
induced PAK1 and ERK1/2 activity 


CHO-AT,, cells were transtected with wild-type РАКІ, dominant negative РАКІ or constitutively 
active PAK1 respectively, as described In the:Materlals and methods sechon The transfected 
cells were treated willl 12-HETE (0 1 gM) or ethanol in the control for 10 min. The same lysate 
was used for-both PAK1 and ERK1/2 асімтіу measurements The top panel shows РАКІ activity 
and the lower panel shows the ERK1/2 actrity representative of results from 2 similar 
experiments Both kinase assays used MBP as substrate 


transfection of these РАКІ mutants on JNK1 activity. These 
results are shown in the lower panel of Figure 6 12-HETE 
treatment stimulated JNK1 activity in wild-type PAK] trans- 
fected cells compared with cells treated with vehicle alone In 
addition, 12-HETE-induced JNK1 activity was inhibited ш 
dominant negative РАКІ transfected: cells. However, JNK1 
activity was markedly increased in dominant active PAKI 
transfected cells. Transient transfection of the PBD plasmid was 
also used to evaluate the role of GTPase and PAK kinase activity 
in JNK1 activatior by 12-HETE. Figure 7 shows that PBD 
transfection almost completely blocked both 12-HETE-induced 
РАК І activation and 12-HETE-induced INK activation. The 
activities of both kinases could be stimulated by 12-HETE 
treatment in non-PBD-transfected CHO-AT,, cells, which were 
treated only with the transfection reagents, thus indicating that 
transfection agents alone were not responsible for the inhibition 
or the 12-HETE response. 


PAK lies upstream of ERK activation in 12-HETE-Induced pathway 


To dissect the relationship between PAK 1 and ERK 1/2, transient 
transfection of ће РАКІ mutants into CHO-AT,, cells was 
again utilized. The effect of PAK 1 mutants on PAK I activation is 
shown in the upper panel, and the effect on ERK 1/2 activation 
ts shown in lower panel, in Figure 8. The results clearly indicate 
that 12-HETE stimulates РАКІ and ERK 1/2 activation in wild- 
type PAK4-transfected cells; however, the 12-HETE stimulation 
of ERK1/2 was partially blocked by dominant negative РАКІ. 
Interestingly, constitutively active PAK itself could activate 
ЕЕК 1/2 activity, indicating that РАКІ can activate ERK1/2 in 
CHO-AT,, cells. 


DISCUSSION 


In this report we describe for the first time that an arachidonic 
acid metabolite of 12-LO, 12-S-HETE, can activate PAKI 
activity in CHO fibroblasts. The 12-HETE-induced PAK 1 stimu- 
lation was time-dependent, with activation seen as early as 5 min 
and a peak effect at-10 min. PAK activation was also sustained 
until 30 min and decreased thereafter. However, 12-HETE still 
significantly activated PAK] activity at 60 min (Figure 1). The 
stimulatory effect of 12-HETE on РАКІ activity was also dose- 
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dependent, with concentrations of 12-HETE as low as 0.1 nM 
exhibiting PAK І activation. The maximal effect for activation 
was reached at 0.01 uM 12-HETE. Interestingly, the precursor 
of 12-HETE, arachidonic acid, does not stimulate PAK activity 
[18], indicating that 12-HETE stimulation of PAK] activity is a 
specific response that is not due to non-specific hydrophobic- or 
detergent-like properties of this lipid. Current studies are under- 
way to investigate whether 12-HETE acts by binding to a specific 
receptor. 

It has been established that PAKs are regulated by three 
different mechanisms: (1) by the binding of GTP-bound Rac or 
Cdc42 to an N-terminal GTPase-binding domain, (и) in the case 
of PAK2, by the caspase-mediated proteolytic removal of the 
regulatory N-terminus [19], and (ш) direct activation of PAK 
activity by three classes of lipids such as sphingolipid, phos- 
phatidylinositol and phosphatidic acids [18]. Since 12-HETE 1s 
defined as a type of fatty acid with four double bonds, it was of 
interest to further define whether the 12-HETE action is mediated 
through small-molecular-weight GTP-binding proteins to РАКІ 
or by directly interacting with PAK] similar to sphingosine or 
phosphatidic acid. The GTPase-binding domain was used to 
elucidate the role of Кас and Cdc42 in the process of PAK1 
activation. PBD is a segment of 84 amino acid residues (hRPAK T, 
residues 67-150) comprising the CRIB domain, which 1s a region 
of approx. 16 amino acid residues corresponding to amino acid 
residues 74-89 of rat p65?^*a [20]. When overexpressed in 
cells, PBD would compete for the binding site on GTP-bound 
active Cdc42/Racl with РАКІ molecules and thereby block 
PAK! activation. The transfection of the PBD almost completely 
blocked the activation of PAKI activity by 12-HETE (Figure 3). 
To further confirm this result, transfection of dominant negative 
Cdc42d and Кас1 GTPase mutants was performed and PAKI 
activity measured The results in Figure 4 indicated that 12-HETE 
was able to activate РАКІ activity in cells expressing empty 
vectors. However, 12-HETE did not activate PAK1 activity in 
cells expressing negative Cdc42, suggesting that Cdc42 GTPases 
are the direct upstream activators for 12~-HETE-induced РАКІ 
stimulation. Interestingly, negative Rac mutant significantly 
inhibited the basal РАКІ activity, while 12-HETE was able to 
increase PAK 1 activity somewhat, but could not reverse it to the 
basal level in empty-vector-transfected cells. These results suggest 
that the regulation of РАКІ activation by Raci 1s somewhat 
different from that by Cdc42. New evidence from other labor- 
atories suggests that Cdc42 and Rac have different mechanisms 
for activation of PAK. It appears that there are three domains on 
GTPases of the Rho family including Racl. These three domains 
are the residues 26—45 [21], the insert region 124—135 [21], and an 
intact polybasic domain consisting of six contiguous basic amino 
acids (residues 183—188) at its C-terminus [8]. Cdc42 shares 
highly homology with Rac in the Ras-like effector region, residues 
26—45 [21], while the insert region is not implicated in PAK 
activation [21]. New data show that mutation of six basic 
residues (183-188) to neutral amino acids in C-terminal poly- 
basic domains of Rac 1 dramatically decreased the ability of 
Raci to bind РАКІ, and almost completely abolished its ability 
to stimulate PAK 1 activity [8]. This C-terminal polybasic domain 
is present in several members of the Ras superfamily of small 
GTP-binding. proteins including Rac] K-Ras4B, RaplA and 
RapiB [8]. These data clearly indicate that Cdc42 and Racl 
share a highly hómologous N-terminal Ras-like effector region 
‚ in regard to PAK activation. However, Racl possesses its 
own unique regions to bind and activate PAK1. Therefore this 
“Rac urligübtepion might account for the further inhibition of basal 
PAK activity by negative Racl, while Cdc42 did not. To date, 
t there have been no studies evaluating the possible stimulatory 
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action of 12-HETE on Касі. However, there is evidence showing 
that many biologically active lipids are regulators of the Rac- 
GDP-dissociation-inhibitor complex [22]. Additional studies will 
be needed to test this hypothesis. 

To investigate the role of PI-3K in 12-HETE-introduced 
РАКІ activation, two distinct pharmacological inhibitors were 
used. Wortmannin decreased 12-HETE-induced РАКІ activ- 
ation; but, since Wortmannin can also inhibit myosin light-chain 
kinase and other kinases, we also used L'Y 294002, a more specific 
PI-3K inhibitor. At a concentration of 1.5 uM, LY 294002 totally 
suppressed 12-HETE-induced PAKI activation (Figure 5), 
clearly indicating that PI-3K 1 an upstream activator of PAK]. 
PI-3K products have been shown to play a role in the activation 
of Rac [23,24], indicating that PI-3K lies upstream of Racl. 
However, there 1s also a report showing that PI-3K is the effector 
protein of Cdc42/Raci [25]. The present study did not evaluate 
whether PI-3K is upstream of Cdc42 or Racl, or whether there 
are parallel, but separate, pathways linking the GTP-binding 
proteins and PI-3K to PAK! activation. Further experiments 
will be needed to elucidate this mechanism. 

To explore the role of РАКІ ш 12-HETE-induced JNK! 
activation in CHO-AT,, cells, dominant negative РАКІ was first 
used to interrupt the РАКІ activation pathway by 12-HETE. 
Transient transfection of dominant negative PAK 1 blocked both 
12-HETE-induced PAK 1 and JNK] activities. In contrast, PAK 1 
ог JNK! activity was markedly activated in cells overexpressing 
constitutively active PAK 1 (Figure 6). Since we concluded that at 
least Cdc42 ıs a direct activator of РАКІ, it is reasonable to 
suggest that JNKI activity should be blocked if the pathway 
from Cdc42/Rac to РАКІ was inhibited using PBD. The results 
demonstrated that when PBD is expressed in the CHO-AT,, 
cells both 12-HETE induced РАКІ and JNK1 were blocked 
(Figure 7) The transfection of negative Cdc42 or Racl also 
blocked JNK1 activity (Figure 4). These results strongly suggest 
that РАКІ is an upstream activator of JNK1 in response to 12- 
HETE, and the activation pathway by 12-HETE should be 
12-HETE — Cdc42 + PAK —> JNK. The results also suggest the 
partial role of Rac in this response. The activation pathway 
Cdc42/Rac -» PAK -» JNK by other agonists has been demon- 
strated by others [26,27]. However, a new family of mixed lineage 
kinases (MLK) has been identified [28]. Notably, two members 
of this family, MLK2 and MLK3, possess an SH3 domain in 
their N-terminal region, and both have a functional CRIB 
domain which mediates GTP-dependent association with Racl 
and Cdc42 [29,30]. MLK3 has been demonstrated to activate 
mitogen-activated protein kinase (MAPK) kinase 4 (MKK4) 
and MKK7 in vitro, both are specific activators of JNK [30]. 

Our previous studies have shown that 12-HETE is a potent 
growth-promoting agent and stimulator of ЕКК 1/2 activity in 
CHO-AT,, cells [15]. The link between cell growth and PAK 
activation has not been clarified. However, there are some clues 
supporting a role of PAKI in cellular growth. New data 
demonstrates that PAK1 phosphorylates MAP/ERK kinase 1 
(МЕК 1) on serine-298, a site important for binding of Raf-1 to 
MEK 1 in vivo [30]. In the present study, we demonstrate that 
РАКІ 15 an upstream mediator in 12-HETE-induced ERK1/2 
activation by transfection of РАКІ mutants. This conclusion is 
based on data showing that a negative РАК І mutant suppresses 
12-HETE-:induced ERK 1/2 activity, while constitutive active 
РАК І mutant stimulates ERK1/2 activity without the presence 
of 12-HETE (Figure 8). These results suggest that РАКІ is an 
upstream activator of ERK1/2 in the 12-HETE-induced action 
pathway. 

In summary, this study provides evidence for the first time that 
РАКІ is an upstream mediator in 12-HETE-induced JNK 1 and 
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Activation of protein kinase C alters p34**? phosphorylation state 
and kinase activity in early sea urchin embryos by abolishing 


intracellular Ca** transients 
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The p34™ protein kinase, a universal regulator of mitosis, is 
controlled positively and negatively by phosphorylation, and by 
association with B-type mitotic cyclins. In addition, activation 
and inactivation of p34°* are induced by Ca** and prevented by 
Ca** chelators in permeabilized cells and cell-free systems. This 
suggests that intracellular Ca** transients may play an important 
physiological role in the control of p34°°* kinase activity. We 
have found that activators of protein kinase C can be used to 
block cell cycle-related alterations in intracellular Ca** con- 
centration ([Ca?*]) in early sea urchin embryos without altering 
the normal resting level of Ca**. We have used this finding to 
investigate whether [Ca?'] transients control p34**** kinase 
activity in living cells via a mechanism that involves cyclin B or 
the phosphorylation state of p34****, In the present study we 
show that the elimination of [Ca**], transients during interphase 
blocks p34***? activation and entry into mitosis, while the 


elimination of mitotic [Ca**] transients prevents р34°% in- 
activation and exit from mitosis. Moreover, we find that [Ca?*], 
transients are not required for the synthesis of cyclin B, its 
binding to p34*?** or its destruction during anaphase. However, 
in the absence of interphase [Ca**], transients р34°%°® does not 
undergo the tyrosine dephosphorylation that is required for 
activation, and ш the absence of mitotic [Ca**], transients p34°* 
does not undergo threonine dephosphorylation that 1s normally 
associated with inactivation. These results provide evidence that 
intracellular [Ca**], transients trigger the dephosphorylation of 
p34? at key regulatory sites, thereby controlling the timing 
of mitosis entry and exit. 


Key words: cyclin B, embryonic cell cycle, Ins(1,4,5) P,, mitosis, 
phorbol esters. 





INTRODUCTION 


In all eukaryotic cells that have been studied, protein phosphoryl- 
ation serves as a key regulator of cell cycle events. Sequential 
phases of the cell cycle are induced by the sequential activation 
and inactivation of cyclin-dependent kinases, which in turn 
phosphorylate a wide range of cellular substrates [1]. Entry and 
exit from the M phase of the cell cycle are triggered universally 
by the activation and inactivation of p34****, a cyclin-dependent 
kinase that binds B-type mitotic cyclins. During interphase the 
association of p349*** with cyclin B causes p34 to be 
phosphorylated at activating (Thr!*!) and inhibitory (Thr!* and 
Туг!) sites, leading to the accumulation of inactive p34*1**-cyclin 
B complexes. Dephosphorylation of the inhibitory sites at the 
G2/M transition by the cdc25 phosphatase activates p34™°, 
while the dephosphorylation of Thr!*! and proteolytic destruction 
of cyclin B at the metaphase/anaphase transition 1nactivates 
p34* [2]. 

The idea that Ca** is an important regulator of the M phase of 
the cell cycle is supported by studies showing that the intracellular 
Ca** concentration ([Ca*']) increases transiently at nuclear 
envelope breakdown (NEBD), anaphase onset and cytokinesis 


[3,4]. Further evidence that Ca?* regulates cell division comes 
from studies in which Ca** chelators, or inhibitors of Ins(1,4,5) P,- 
mediated Ca** mobilization, delay or prevent cell cycle pro- 
gression [5-8]. The effects of the chelators are reversed by Ca?* 
and, 1n some cases, cell cycle events are triggered prematurely by 
an experimentally induced [Ca**], transient [9-12]. However, 
[Ca?*], transients are not observed in all cells under all conditions, 
suggesting that they may often be too localized to detect, or that 
they do not serve a regulatory function [11,13] 

In oocytes arrested at meiotic metaphase, a key function of the 
fertilization [Ca**], transient 1s to induce exit from meiosis by 
triggering cyclin B proteolysis and p34™ inactivation [14]. Ca** 
may contro] the activity of p34*?*?* during mitotic cell cycles as 
well, based on our previous finding that the precocious elevation 
of [Ca?*], induces premature p34**** inactivation in permeabilized 
sea urchin embryos [15]. In addition, Ca** chelators block 
activation and inactivation of р34° in interphase and mitotic 
extracts of Xenopus embryos [16]. However, because Са?+- 
induced p34**** inactivation 1s not correlated with cyclin B 
proteolysis in these studies [15,16], Ca** and p34**** may be 
linked by different mechanisms in mitosis and meiosis. 

To determine the molecular basis for the regulation of p34*t** 


Abbreviations used BAPTA, bis-(o-aminophenoxy)ethane-N,N,N',N'-tetra-acetic acid, [Ca?*], intracellular Ca** concentration, diG,, 1,2-dioctanoyl- 
sn-glycerol, CFASW, calcium-free artificial sea water, DTT, dithiothreitol, NEBD, nuclear envelope breakdown, PKC, protein kinase C, PLC, 


phospholipase C, TCA, trichloroacetic acid 
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activity by Ca** during mitotic cell cycles, we have experimentally 
inhibited cell cycle [Ca**], transients in synchronous populations 
of early sea urchin embryos. Previously, it has been shown in a 
variety of cells that manipulations that activate protein kinase C 
(PKC) inhibit receptor-coupled mobilization of Ca** from in- 
tracellular stores [17-19]. We found that 1n early sea urchin 
embryos, activation of PKC eliminates cell cycle [Са?+], transients 
without altering the normal resting level of [Ca?*]. Using this 
approach, potential Са?+ requirements for p34° activation, 
inactivation, complex formation with cyclin B, and the 
phosphorylation state of important regulatory amino acids may 
be directly identified by biochemical analysis. In the present 
study our results provide evidence that [Са*+] transients trigger 
the dephosphorylation of р34° at key regulatory sites, thereby 
controlling p34“ activity and the timing of mitosis entry and 
exit. 


MATERIALS AND METHODS 
Reagents 


PMA and 4aPMA were purchased from LC Laboratories 
(Woburn, MA, U.S.A). Stock solutions were prepared in DMSO 
at a concentration of 2mM and were stored frozen under N, 
to inhibit oxidation. For experiments, aliquots were diluted to 
20 uM with DMSO, so that 1% (v/v) DMSO would be present 
to increase the solubility of the compounds in sea water at the 
final working concentration of 200 nM. 1,2-Dioctanoyl-sn- 
glycerol (diC,), from Avanti Polar Lipids (Alabaster, AL, 
U.S.A.), dissolved in chloroform was dried under a stream of N, 
and dissolved in DMSO as a 100 x stock solution (5-10 mM) to 
be used the same day. Staurosporine and the Ca** ionophore 
A23187 (Calbiochem, La Jolla, CA, U.S.A.) were prepared as 
100 x stock solutions in DMSO. Emetine (Sigma, St. Louis, 
MO, U.S.A.) was dissolved in sea water at a concentration of 
10 mM. PKC(19—31) peptide (LC Laboratories) was dissolved in 
either intracellular buffer (see below) at a concentration of 
1 mM, or in microinjection buffer (300 mM potassium gluconate, 
300 mM glycine, 10 mM NaCl, 2 mM MgSO, and 2 mM EGTA, 
pH 7.2) at a concentration of 9mM. Except for diC,, the stock 
solutions were stored as aliquots at —70 °C. Protease inhibitors 
were obtained from Boehringer Mannheim (Lewes, East Sussex, 
U.K.). Antimycin, oligomycin, phosphocreatine and creatine 
phosphokinase were purchased from Sigma (Poole, Dorset, 
U.K.). 


Embryo culture and micro-Injection 


Eggs were collected from the sea urchin Lytechinus pictus 
(Marinus, Long Beach, CA, U.S.A.) in artificial sea water 
(435 mM NaCl, 40 mM MgCl, 15 mM MgSO, 11 mM Сас, 
10 mM KCI and 5 mM Hepes/NaOH, pH 8.0) following intra- 
coelomic injection of 0.5 M KCl. The eggs were harvested by 
centrifuging for 30 s at 250 g and were treated with sea water 
adjusted to pH 5.0 (with HCI) for 3 min to remove the jelly layer. 
These were then suspended to 1 % (v/v) 1n sea water and stirred 
continuously at 16 °C using a motorized paddle or shaking water 
bath. Fertilization was accomplished by introducing а few drops 
of sperm diluted with sea water. Batches of eggs exhibiting less 
than 95% fertilization were discarded. For determinations of 
NEBD, embryos were fixed in ethanol/acetic acid (3:1, v/v) and 
were examined using differential interference contrast micro- 
scopy. A number of embryos (100) were evaluated per time 
point. Chromosomes were stained in fixed embryos using 70% 
(v/v) acetic acid saturated with orcein (Sigma). 

[Ca?*], was measured using a fluorescence ratio method [20] in 
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embryos injected with fura 2 conjugated to 10 kDa dextran 
(Molecular Probes, Eugene, OR, U.S.A.), according to the 
method of Ciapa et al. [21]. The embryos were treated with PMA 
(or DMSO) 10 min after fertilization, while in suspension. After 
20 min these were affixed to polylysine-coated cover slips for 
injection and measurements. 

Injections of PKC(19—31) were performed as described by 
Sluder et al. [22]. Injection volumes were determined from the 
diameter of equivalent oil droplets used to cap the micro- 
pipettes Stock solution (9 mM) was introduced (4—12 pl), yield- 
ing an intracellular concentration of 50-150 uM for a hollow 
sphere equal to the embryo ш diameter (110 um). 


Measurements of protein and DNA synthesis 


To measure rates of protein synthesis, suspensions of eggs were 
pre-loaded with 15 uCi/ml [S]methionine (1200 Ci/mmol; 
Amersham, Arlington Heights, IL, U.S.A.) for 20 min. The eggs 
were then washed three times with sea water, suspended to 1% 
(v/v) and fertilized. At intervals, samples were precipitated with 
10% (w/v) trichloroacetic acid (TCA; 60 min at 4°C) and 
collected by centrifugation (5000 g for 2 min). Aliquots of the 
TCA-soluble supernatants were mixed with Aquasol (Packard 
Instruments, Meriden, CT, U.S.A.) for liquid-scintillation 
counting in order to determine the specific radioactivity of the 
intracellular methionine pool. TCA precipitates were washed 
three times with 10% TCA containing 1 mg/ml methionine, 
solubilized in 1M NaOH, and counted to determine **S 
incorporation. The incorporation is expressed as a percentage of 
the intracellular methionine pool. For determinations of cyclin B 
abundance, eggs were pre-loaded for 20 min with 25 nCi/ml 
P5S]methionine and washed as above. Following fertilization, 
samples were analysed by SDS/PAGE and autoradiography 
[15]. 

To monitor DNA synthesis, 20 #Ci/ml [H]thymidine (80 Ci/ 
mmol; Amersham) was added to eggs 10 min before fertilization. 
At intervals after fertilization, samples were washed three times 
with sea water at 4 °C and precipitated with 10 95 TCA containing 
0.5 mg/ml thymidine. The precipitates were washed three times 
with 10% TCA containing thymidine and were subsequently 
solubilized in 1 M NaOH. Aliquots of the TCA-soluble and 
TCA-insoluble fractions were analysed by liquid-scintillation 
counting to determine the percentage of incorporation, as above. 
The fraction of TCA-soluble radioactivity corresponding to 
[*H]thymidine triphosphate is essentially constant at this stage of 
development. 


Kinase assays 


Embryos were washed and re-suspended to 1% (v/v) in 1n- 
tracellular buffer [250 mM potassium gluconate, 250mM М- 
methyl-p-glucamine, 50mM Hepes/acetate (pH 7.2), 10 mM 
EGTA, 6.7 mM MgCl, and 1 mM dithiothreitol (DTT)] at 4 °C, 
and were lysed using three 10-s pulses of a Branson Sonifier fitted 
with a stepped micro-tip (Branson Ultrasonics, Danbury, CT, 
U.S.A.). p34**** kinase activity and protein concentrations were 
measured as described previously [15] except that 50 4M 
PK C(19—31) was included in the kinase assays. 


Anti-phosphotyrosine Immunoblots 


Embryos were lysed in adsorption buffer (intracellular buffer 
without MgCl, supplemented with 5mM EDTA, 1 mM 
Na,VO,, 1 æM microcystin-LR, 0.5 mM PMSF, 2 ug/ml leu- 
peptin and 2 ug/ml pepstatin) using ultrasonic disruption. To 
enrich for p34***?, volumes of lysate containing 1 mg of protein 


were adsorbed to 35 ul оЁр13%%- берһагоѕе beads for 60 min at 
4 °C (5 mg of p13** /ml of beads; Upstate Biotechnology, Lake 
Placid, NY, U.S.A.). After adsorption, the beads were washed 
three times with adsorption buffer and twice with buffer con- 
taining 50 mM Tns/HCl (pH 6.8), 50 mM NaCl, 2 mM EDTA, 
1 mM DTT, 1 mM Na,VO,, 1 4M microcystin-LR, 0.5 mM 
PMSF, 2 ug/ml leupeptin and 2 “g/ml pepstatin. Bound proteins 
were eluted in 125 ul of SDS/PAGE sample buffer, resolved by 
SDS/PAGE, and transferred on to nitrocellulose membranes 
[15]. Transfers were blocked for 2h at room temperature with 
TBS [10 mM Tns/HCl (pH 8.0)/150 mM NaCl] containing 5% 
(w/v) BSA (Sigma; ‘essentially fatty acid-free’) and 1% (w/v) 
ovalbumin, and were labelled overnight at 4°C with an anti- 
phosphotyrosine monoclonal antibody diluted to 2 ug/ml in 
blocking solution (clone PY20; ICN, Costa Mesa, CA, U.S.A.). 
The transfers were subsequently labelled for 90 min at room 
temperature with affinity-purified rabbit anti-mouse IgG (Pierce, 
Rockford, IL, U.S.A.) at 1 ug/ml, followed by **I-labelled 
Protein A (Amersham) at 10 ng/ml, in blocking solution. After 
each labelling step, the transfers were washed four times with 
TBS (10 min per wash). Autoradiography was performed at 
— 70 °C with an intensifying screen. 


Measuring Ca^* pumping and release In microsomes 


Calcium homoeostasis in an endoplasmic reticulum preparation 
from sea urchin embryos was investigated essentially as described 
previously [23]. Microsomes were prepared from control or 
PMA-treated embryos 60 min after fertilization (200 nM 44PMA 
or 200nM PMA added 24 min after fertilization) PMA or 
4aPMA was included at concentrations of 200 nM in all buffers 
used for microsome preparation and subsequent analysis. Em- 
bryos produced from the fertilization of 5 ml of eggs were 
collected by centrifugation and suspended in calcium-free arti- 
ficial sea water (CFASW; 445 mM NaCl, 40 mM MgCL, 15 mM 
MgSO, 10mM KCl, 1mM EDTA, 2mM EGTA and 
10 mM Hepes/NaOH, pH 8.0). Eggs were washed twice with 
CFASW and then suspended 1:1 (v/v) in ice-cold isolation 
buffer (250 mM N-methyl glucamine, 250 mM potassium gluco- 
nate, 20 mM Hepes and 1 mM МРСІ,, adjusted to pH 7.2 with 
acetic acid). The embryos were homogenized with 10 strokes of a 
tight-fitting teflon pestle in a Potter homogenizer. The homo- 
genate was centrifuged at 10000g for 10s and the pellet 
was discarded. The resulting microsome fractions were used 
immediately for analysis of calcium homoeostasis. 

Embryo homogenate (1 ml) was added to 1 ml of fluorimeter 
buffer (a solution comprising isolation buffer supplemented with 
l mM NaN,, 1 ug/ml oligomycin and antimycin, 0.1 mg/ml 
soybean trypsin inhibitor, 200 ug/ml leupeptin, 200 ug/ml apro- 
tinin, ] mM ATP, 10 mM phosphocreatine and 10 units/ml 
creatine phosphokinase). This mixture was incubated for 1 h at 
16 °C. This was then added to 8 ml of fluorimeter buffer and the 
mixture was incubated at 16°C for 4h. Fluorimetry was per- 
formed using a Perkin Elmer Luminescence Spectrometer (LS50- 
B). À 3 mi aliquot of microsomes was added to a quartz cuvette 
and 1 4M fluo 3 (Molecular Probes) was added. The mixture was 
strred at full speed using a stirring cuvette holder and the 
temperature was maintained at 16?C. Fluorescence was 
measured using an excitation wavelength of 490 nm and an 
emission wavelength of 590 nm. 


Phosphopeptide mapping and phospho amino acid analysis 


Embryo suspensions were supplemented with 0.13 mCi/ml 
carrier-free ?*PO, (Amersham), 20 min after fertilization. 
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samples were washed extensively, lysed in adsorption buffer and 
incubated with p13*'*! beads as outlined above. Eluted proteins 
were resolved by SDS/PAGE, transferred on to Immobilon-P 
membranes (Millipore, Bedford, MA) in the presence of 20% 
(v/v) methanol and 0.1% SDS, and visualized by auto- 
radiography. The band corresponding to p34*1** was excised and 
digested with 2 x 4 ug of tosylphenylalanylchloromethane-tryp- 
sin (Pierce) according to the protocol of Luo et al. [24]. Peptide 
mapping was performed on ??P-labelled tryptic digests as 
described by Boyle et al. [25]. Samples were applied to 100 um 
thin-layer cellulose plates and were electrophoresed at pH 1.9 for 
25 minutes at 1 kV. Separation in the second-dimension was by 
chromatography in phospho chromatography buffer. For 
phospho amino acid analysis, tryptic digests were hydrolysed in 
constant-boiling 6 M НСІ for 6h at 110°C to enrich for 
phosphothreonine (see the Results section). Liberated phospho 
amino acids were separated by TLC [26] and quantified using a 
PhosphorImager (Molecular Dynamics, Sunnyvale, CA, U.S.A.). 
For each time point p34°*-associated **P was normalized to 
account for the specific radioactivity of the intracellular TCA- 
soluble pool. The size of the intracellular ATP pool does not 
change during these experiments [27], and the turnover of the 
protein phosphate m vivo ıs rapid since the amount of **P 
incorporated into the TCA-insoluble fraction closely parallels 
the specific radioactivity of the intracellular **P pool (results not 
shown). 


RESULTS 
Activators of PKC block mitosis entry and exit 


Embryos of the sea urchin L. pictus were treated at different 
stages of the cell cycle with 200 nM PMA, a potent activator of 
PKC [28]. As a control embryos were also treated with 200 nM 
4aPMA, an isomer of PMA that does not activate PKC. 
When 4aPMA was applied during Gl phase (24 min after 
fertilization), embryos underwent multiple rounds of division 
(Figures 1A and 1E) with timing that was typical of untreated 
populations. In contrast, the application of PMA during G1 
phase arrested the cell cycle at a stage preceding mitosis; NEBD 
(Figures 1B and 1F) and chromosome condensation (results not 
shown) were blocked for at least 2h. The fact that DNA is 
replicated in the PMA-treated embryos (Figure 2B) indicates 
that the cell cycle is blocked 1n G2 phase. 

When PMA was administered during prophase or pro-meta- 
phase (72 min after fertilization), embryos entered mitosis but 
were unable to exit; nuclear envelope re-formation did not 
occur (Figures 1C and 1G), and chromosomes remained con- 
densed (Figure 1H). The application of PMA during telophase 
(96 min after fertilization) did not interfere with the completion 
of mitosis, but arrested the cell cycle before the next mitosis 
(Figure 1D). Identical results were obtained with the PKC 
activator, diC,, at concentrations of 50-100 uM (see below). The 
cell cycle arrest imposed by activators of PKC was not due to a 
general repression of cell metabolism, as neither protein nor 
DNA synthesis was inhibited (Figure 2). Thus activators of PK C 
block entry into or exit from mitosis, depending on the cell cycle 
stage at which they are applied. 

Because PKC activation arrested the cell cycle, we determined 
the consequences of inhibiting PKC by injecting the selective 
peptide inhibitor PK.C(19—31) [29] during interphase of the first 
cell cycle (25—50 min after fertilization). An intracellular con- 
centration of 70-150 uM peptide was used, since > 60 uM has 
been shown to block 98% of the cytoplasmic alkalinization 
induced by PMA in unfertilized L. pictus eggs [30]. Embryos 
injected with PK.C(19—31) divided at least three times, with the 
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Figure 1 PMA blocks cell cycle progression in a stage-dependant manner 


Embryos were treated with 200 nM 4aPMA (А) or 200 nM PMA (B-D) at the times Indicated 
(arrows) At intervals, samples were fixed and exaruned microscopically to determine the 
kinetics of NEBD (E) Photomicrograph of (А) at 120 тіп (Е) and (9) Embryos from (B) and 
(С) at 120 min. (H) Embryo from (б) at 120 min stained to visualize chromatin Scale bars 
represent 50 дт in (E-G) and 10 um in (Н) Results typical of 5 experiments are shown 


© 2000 Blochemical Society 


got A 
40 
20 V 


0 25 50 $75 100 


Time after fertilization (min) 


[?5S]methionine Incorporation (96) 





^ 15 
= B 
С 
9 
9 1.0 
© 
О. 
o 
a 0.5 
UO V 
Ep 
I 
jm 
0 25 50 75 100 


Time after fertilization (min) 


Figure 2 Effect of PMA on protein and DNA synthesis 


PMA (IM) or 4«PMA (O) (200 nM) was added to embryos during G1 phase (arrow) Protein 
synthesis (A) and DNA synthesis (B) were measured as described in the Materials and methods 
section Typical results are shown. 


same timing as control embryos injected with buffer (n = 12). 
Therefore apart from its role in cytoplasmic alkalinization at 
fertilization [31,32], PKC is not essential for cell cycle progression 
in sea urchin embryos As diacylglycerol would be generated 
when Ins(1,4,5)P, is produced prior to each [Ca**], transient, one 
might also expect PKC to be activated at each [Ca**], transient. 
Our data suggest that this activation, if it takes place, is not 
essential for cell cycle progression. Perhaps PtdIns(4,5)P, hy- 
drolysis 1s localized to regions of the cell where PKC is absent or, 
alternatively, 1t is possible that diacylglycerol is rapidly meta- 
bolized before PKC activation can take place. 


PKC activation Inhibits cell cycle [Ca**], transients 


The fact that activators of PKC block the cell cycle in a manner 
similar to Ca** chelators [3], and the reported inhibition of 
receptor-coupled Ca** mobilization by PKC [17-19], suggested 
that PKC might inhibit cell cycle-related [Ca**], transients. To 
directly test this possibility, embryos were continuously treated 
with PMA (or with DMSO, as a control) beginning in G1 phase, 
and were injected with fura 2-dextran, so that [Ca**], could be 
measured in individual embryos using dual wavelength confocal 
microscopy. In the controls, [Ca**], fluctuated over the course of 
the cell cycle, exhibiting sustained increases (> 2 min) of 50- 
125 nM that were associated with NEBD, anaphase onset, and 
cytokinesis (Figure 3A), as reported previously [20,21]. PMA 
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Figure З РМА eliminates call cycle [Ca**], translents 


[Ca?*], was measured continuously in individual embryos that were treated with 1% DMSO (А) 
ог 200 nM РМА (B) during G1 phase (10 min after ferblization) and subsequently Injected 
with fura 20—dextran Each recording in (А) 18 from an embryo of the same batch as the 
corresponding recording In (B) The results shown are representative of 9 tials in which 
the embryos remained viable throughout the course of the experiment In four additonal 
trials, the combination of PMA treatment and micro-inyection. resulted in distortion of the 
embryos, gross movements of the cytoplasm, and relocation of the nucleus to the cell 
penphery. Symbols indicate (Ca**}, transients associated with NEBD (ж) anaphase onset (W) 
and cytokinesis (@) 


treatment did not significantly alter the resting level of [Ca**], in 
the embryos; however, it eliminated all sustained increases in 
[Ca**], for at least 40 min (Figure ЗВ). In four out of four control 
experiments, an NEBD-associated calcium transient occurred 
68.6+0.92 min after fertilization. Its peak height was 66+10 nM 
and its duration was 5.9+1.06 min. In seven experiments in 
which [Ca**] was monitored from 30 to 90 min after fertilization, 
in embryos treated with PMA at 24 min, the largest and longest 
deviation in [Ca**], from baseline was a 30 nM excursion of 
1.1 min duration that occurred 40 min after fertilization. The 
mean of the excursions from baseline in PM A-treated embryos 
between 64.92 and 72.28 min after fertilization (two standard 
deviations either side of the mean time of occurrence of the 
NEBD transient in controls) was 22.5+4.66 nM. Analysis of 
the control and PMA-treatment NEBD [Ca?*], data using an un- 
paired t-test showed the differences to be significant at the P < 
0.001 level. Thus it can be seen that activation of PKC leads to 
a suppression of cell cycle associated [Са?+], transients. The 
absence of [Ca**], transients might pain ше arrest of the cell 
cycle in PMA-treated embryos: 

We used an in vitro egg endoplasmic ae microsome 
preparation [23] to determine whether PMA treatment had any 
effect on either Ca**-pumping or Ins(1,4,5)P, sensitivity. Micro- 
somes were prepared from control or PMA-treated embryos 
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Table 1 РКС activation does not affect Ca** pumping or sensitivity to InsP, 
In endoplasmic reticalum microsome homogenates 


Embryos wara treated with АРМА (control) or PMA 24 min after fertilization Microsomes were 
prepared 36 mun after these additions [Ca?*] was monitored using fluo 3 fluorescence and 
when a steady baseline reading was achieved Ca^* pumping rate and Ins sensitivity were 
determined Protein concentrabons in control and PMA-trealed microsomes were adjusted so 
that they were Identical The rate of Ca** pumping was determined by adding 10 nmol of Ca?* 
and measunng the decrease In [0а2+] over the following 10 min Ins sensitivity was 
determined by measuring the increase in [Ca?*] following the addition of 100 nM ins. For 
both Ca** pumping and Ins sensitivity determinahons the data were obtained from duplicate 
experiments from three separate batches of embryos 


Rate of Са?+ pumping Extent of Ca** release 
by sea urchin In response to 
ambryo microsomes 100 nM Ins 
(nmoi/min) (amo), 
means +SEM, means-+SEM, 
Condition n=6 П == 6 
Control 069+0.15 4134045 
PMA-treated 092-013 3.99 + 0.34 


60 min after fertilization (200 nM 4aPMA or 200 nM PMA 
added 24 min after fertilization) and both the Ca**-pumping rate 
and Ins(1,4,5)P, sensitivity were determined. As shown in Table 
I there was no difference in either parameter between the PMA- 
treated and control embryos. 


PKC stimulation prevents p34** activation and inactivation 


Since entry and exit from mitosis are controlled by the p34°¢? 
protein kinase, we investigated whether the activation of PKC 
blocks cell cycle progression by interfering with the activation 
and inactivation of p34****, In this regard, it was important to 
establish that we could accurately measure the protein kinase 
activity of p34*?** in embryos treated with activators of PKC, 
since PKC phosphorylates histone НІ, the substrate used to 
assay p34°°** activity. Therefore we determined the [Ca] de- 
pendence of sea urchin PKC in crude lysates using the selective 
peptide substrate, [Ser "TPK C(19—31) [29]. We found that РКС 
activity was опу 9.1+0.6% maximal (mean + S.D.) at 40 nM 
Ca**, the concentration present in p34**** kinase assays. This 
result is consistent with the previous identification of L. pictus 
PKC as a Ca*-requiring isoform based on biochemical properties 
[33] and sequence analysis [34]. As shown in Figure 4(A), the 
inclusion of 50 aM PKC(19-31) in p34**** kinase assays of 
PMA-treated embryos eliminated the low level of Ca**-inde- 


pendent PKC activity without inhibiting p34. 


When 4aPMA was applied to embryos during G1 phase, 
p34*3*? kinase activity underwent cyclical oscillations, increasing 
8—10-ҒоЈа prior to mitosis and then rapidly decreasing to the 
interphase level during mitosis (Figure 4B). In contrast, р34°% 
kinase activity increased only slightly over a period of 3 h when 
PMA was applied during G1 phase and entry into mitosis was 
blocked (Figure 4B). Thus the failure of these embryos to enter 
mitosis correlated with their inability to activate p34*9*?, 

When PKC was activated during prophase to block exit from 
mitosis, p34*?"! kinase activity remained at the elevated mitotic 
level for at least 2h (Figure 4C). Thus the failure of these 
embryos to exit mitosis correlated with their inability to inactivate 
p34***?, Elevated protein kinase activity was responsible for the 
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Figure 4 РМА blocks activation and Inactivation of p34 


(A) Selectivity of the p34°% kinase assay Lysates were prepared from embryos treated with 
200 nM PMA for 5 min, and from untreated embryos, during Gi phase (24 min after 
fertilization) and prophase (75 min after fertilization) in both cases, the phosphorylation of 
histone H1 was assayed in the presence and absence of 50 uM РКС(19--31) (B) PKC 
activation dunng G1 phase blocks p34“ activahon p34 kinase actwity was measured in 
lysates prepared every 12 min from embryos which recerved additions of 200 nM PMA (I) 
or 4aPMA (О), 24 min after fertilization (arrow) Control (&x P MA-trealed) embryos completed 
two cycles of NEBD and assembly, while those treated with PMA did not undergo NEBD (D) 
PKC actvaton dunng prophase blocks p347*? inactivabon p34°% kinase activity was 
monitored in embryos which received additions of 200 nM PMA (Il), or 40РМА (©), 75 min 
after fertilization (arrow) Control embryos completed a second mitosis, whereas embryos treated 
with PMA did not exit from the first mitosis Typrcal results are shown 


block to mitosis exit, since it was reversed by staurosporine, an 
inhibitor of serine/threonine protein kinases. As shown in Figure 
5 the addition of 5 uM staurosporine induced nuclear envelope 
re-formation іп > 95% of embryos arrested in mitosis as a result 
of PMA or diC, treatment. 


Elevated [Ca^*] restores p34" activation and inactivation In 
PMA-treated embryos 


To establish that the effects of PMA on p34 activation and 
inactivation were due to the absence of [Ca**], transients, rather 
than to a direct effect of PKC (or PMA) on р34°%°%, we used the 
Ca** ionophore A23187 to elevate [Са?+] in PMA-treated 
embryos. As shown in Figures 6(A) and 6(B), the addition of 
Ca** ionophore to embryos blocked in interphase with low 
p34"? kinase activity led to an approximately 2-fold activation 
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Figure 5  Reversibliity of the mitotic arrest induced by activators of PKC 


Embryos (Ж) were treated with 200 nM РМА (А) or 100 uM diC, (B) during prophase (first 
arrow). After 24 min (second arrow), 5 uM staurosporine was administered to half of each 
population (A) The percentage of embryos exhibiting NEBD was determined for all 
four populations Typical results are shown DAG, diC, 


of p34***?, When PMA was applied later in the cell cycle, to arrest 
embryos with elevated p34**** kinase activity, ionophore treat- 
ment triggered a 65 95 decrease 1n activity (Figure 6C). Moreover, 
it is significant that the same ionophore treatment promoted 
activation of p34**** when activation was blocked by PMA, and 
induced inactivation of p34°** when inactivation was blocked by 
PMA. In both of these cases, while there was an alteration in the 
level of p34**** kinase activity upon addition of ionophore there 
was neither entry into nor exit from mitosis. This might be due 
to the fact that ionophore-induced [Ca**], transients differ from 
normal cell cycle [Ca?*], transients, in terms of both magnitude 
and spatial localization. In an attempt to more faithfully replicate 
normal cell cycle [Ca?'] transients, Ins(1,4,5)P,; (1 uM) was 
injected into embryos that had been arrested in interphase by the 
addition of PMA 24 min after fertilization. In 20 experiments, in 
3 batches of embryos, mucroinjection of Ins(1,4,5)P, did not 
permit entry into mitosis as determined by scoring for NEBD 
(results not shown). 


PKC activation uncouples р34°2 activity and cyclin B abundance 


Since the activation of p34**** requires its binding to cyclin B, 
while inactivation normally requires cyclin B proteolysis [35,36], 
we determined whether PKC activation had effects on the 
synthesis and destruction of cyclin B. Embryos were pulse- 
labelled with [**Stmethionine prior to fertilization and levels of 
cyclin B were monitored by SDS/PAGE and autoradiography. 
In control embryos, treated with 4aPMA during Gl phase, 
cyclin B migrated on SDS gels with an apparent molecular mass 
of 50 kDa, and was converted into a 53 kDa form during late G2 
and early M. phases (Figure 7A; control, 48—84 min) due to 
phosphorylation by р34°° [3,37]. During anaphase, cyclin B was 
completely destroyed (Figure 7A; control, 96—108 min), and 
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Figure 6 Ca promotes p34**? kinase activation and inactivation In PMA- 
blocked embryos 


Batches of embryos were treated with 200 nM PMA at thres successive stages of the cell cycle 
In each instance, p34"** kinase activity was determined 12 min after the addition of PMA (first 
open bar) and 60 min after PMA (second open bar) Ca** ionophore, A23187 (5 ug/ml), 
was added to half of each batch 12 min after PMA addition, and p34 kinase activity was 
measured 48 min later (16 60 min after PMA addition, solid bar) Times of PMA addition 
correspond to (A) anaphase and (B) telophase of the first mitosis, (C) interphase of the second 
call cycle A typical result is shown 


then began to re-accumulate in advance of the next mitosis 
(Figure 7A; control, 120 min). Cyclin B was synthesized at the 
same rate in embryos in which PKC was activated during Gl 
phase; however, it did not become phosphorylated (consistent 
with the block to p34**** activation) and was not destroyed 
(Figure 7A; PMA added at 24 min). Furthermore, cyclin B co- 
adsorbed with p34**** on to immobilized p13"*! (Figure 7B), 
indicating that it was bound to p34*** in the PM A-treated 
embryos. Therefore the activation of PKC during interphase 
inhibits the pathway controlling p34 activation at a step 
which follows formation of the p34°°*-cyclin B complex. Since 
we have shown that the application of Ca** ionophore activates 
р34° in embryos treated with PMA in interphase, the simplest 
interpretation of these data is that interphase [Ca**], transients 
are required for activation of p34**** following the formation of 
the p34°¢**—cyclin B complex. 

When PKC was activated during prophase in order to arrest 
the cell cycle in mitosis (with high p34*?*? activity), cyclin B 
nevertheless was destroyed at the same time as in control embryos 


A 


Time (min) 48 60 72 84 96 108 120 





Control 
PMA (24') 
PMA (79) Ga SS 


Time (min) 60 84 120 
Control =] 


PMA (24) Ex: 


Figure 7 [Cat] transtents are not required for the synthesis and 
destraetion of B 


(A) Levels of dephosphorylated and phosphorylated cychn B (cycB and P-cycB) in control 
embryos treated with 200 nM 4aPMA dunng GI phase (24 min after fertilization), and 
in embryos treated with 200 nM PMA dunng G1 phase or prophase (24 or 79 mun after 
fertilization) The contro! embryos completed mitosis, while those treated with PMA at 24 mn 
did not enter mitosis and those treated at 79 min did not exit mitosis (B) Levels of cyclin B 
bound to p34*X? were determined by adsorption to pi3™'—Sepharose Typical results are 
shown 


(Figure 7A; PMA added at 79 min). This result demonstrated 
that the destruction of cyclin B and inactivation of p34***? could 
be temporally uncoupled ın sea urchin embryos, such that p34" 
remained active in the absence of cyclin B. A similar result has 
been observed in frog oocytes treated with okadaic acid [36]. 
Since we have shown that artificially elevating [Ca?*], in embryos 
arrested in mitosis led to a decrease in p34**** activity we 
conclude that Ca** is required to regulate the pathway controlling 
p34? inactivation at a step which is distinct from cyclin В 
proteolysis. 


Ca? requirements for p34 dephosphorylation 


The data presented so far suggest that PKC activation abolishes 
the cell cycle [Са?+], transients that normally regulate p34™°* 
activation and inactivation. They also indicate that the cell cycle 
dynamics of cyclin B are not affected by the abolition of cell 
cycle [Ca**], transients. A general paradigm for mitotic regulation 
is that the association of p34**** with cyclin B during interphase 
promotes p34 phosphorylation at both inhibitory (Thr!* and 
Tyr!*) and activating (Thr!*!) sites. Dephosphorylation of the 
inhibitory sites during G2 phase activates p34“**, while 
dephosphorylation of the activating site during anaphase is 
essential for inactivation [36,38]. Since the cell cycle dynamics of 
cyclin B did not explain the Ca** requirement for p34°*? 
activation and inactivation in our study, we analysed how the 
elimination of [Ca?*], transients through PKC activation might 
influence the phosphorylation state of p34**** at putative regu- 
latory sites. 

In early sea urchin embryos p34**** undergoes cell cycle- 
dependent tyrosine phosphorylation, which is at least partial- 
ly dependent on newly synthesized cychn B [39]. As shown in 
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Figure 8 [Ca], transients are required for cell cycle-dapendent p34“ 
dephosphorylation 


(A) Anb-phosphotyrosine Western-blot of p34 in embryos treated with 200 nM PMA or 
200 nM 42РМА during G1 phase (24 min after fertilization) The PMA-treated embryos did not 
undergo NEBD (B) Phosphothreonine content of p34 in embryos treated with 200 nM PMA 
and 100 4M emetine (NN) dunng prophase (атом), and in control embryos which were 
similarly treated with АРМА and emetne (CQ) The PMA-treated embryos did not exit from 
mitosis 


Figure 8(A) (control), p34°** exhibited a normal pattern of 
tyrosine phosphorylation and dephosphorylation over the course 
of the cell cycle in 4aPMA-treated control embryos. The phospho- 
tyrosine content of p34 gradually increased after fertilization, 
and was maximal during interphase prior to p34**** activation 
(0—60 min). Phosphotyrosine was absent during mitosis (80—100 
min), but reappeared during the next interphase (120—140 min). 
In contrast, the level of p34***! tyrosine phosphorylation con- 
tinued to increase throughout the experiment when PMA was 
applied during G1 phase (Figure 8A; PMA). Therefore р34°%°% 
did not undergo the tyrosine dephosphorylation necessary for 
activation in PMA-treated embryos that lacked interphase [Ca**], 
transients. 

To study whether or not Ca** was also involved in regulating 
p34**** phosphorylation at an activating site, equivalent to Thr!*!, 
two-dimensional phosphopeptide mapping and phospho amino 
acid analysis were performed on tryptic digests of p34**** that 
were isolated from ?*P-jabelled embryos. Interestingly, a Thr?*!- 
containing phosphopeptide was not evident in two-dimensional 
maps; perhaps because Thr'*! phosphorylation is difficult to 
detect by ?**P labelling in vivo [40], and because only 20% of the 
p34****-associated. ?*P was phosphothreonine (results not 
shown). Therefore we subjected ?*P-labelled sea urchin p34°4** 
to acid hydrolysis (6 M HCI at 110 °C) for 6 h, since the half-life 
of phosphothreonine under these conditions is > 25 h, while the 
half-lives of phosphoserine and phosphotyrosine are 8 h and 2h 
respectively [41,42]. This procedure improved the yield of free 
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phosphothreonine relative to phosphoserine and phospho- 
tyrosine. Levels of **P-labelled phosphothreonine were mea- 
sured using TLC As shown in Figure 8(B), the phospho- 
threonine content of p34**** increased more than 2-fold prior to 
mitosis in control embryos, and decreased to a similar extent as 
the population returned to interphase. In contrast, phospho- 
threonine remained at the elevated mitotic level for at least 
90 min when PMA was added during prophase to block p34” 
inactivation and exit from mitosis (Figure 8B). The addition of 
PMA did not induce extensive phosphorylation of p34**** by 
PKC, since additional tryptic phosphopeptides were not present 
in two-dimensional maps of p34“ isolated from PM A-treated 
embryos (results not shown). In addition, our results were not 
influenced by the re-phosphorylation of sites equivalent to Thr!* 
and Thr!?! in preparation for the next mitosis. These events 
require cyclin B [36,38], and emetine was added to both the 
control and the PM A-treated embryos during prophase to block 
the de novo synthesis of cyclin B after it was destroyed. Therefore 
in PMA-treated embryos where PKC activation leads to an 
abolition of mitotic [Са?+] transients, p34°*** does not undergo 
the threonine dephosphorylation that is normally associated 
with its inactivation following cyclin B degradation. 


DISCUSSION 


PKC activation causes cell cycle arrest in sea urchin early 
embryos 


PKC has been implicated as a regulator of the cell cycle in many 
cell types. In oocytes, PKC activation has been shown to both 
inhibit [43-45] and stimulate [46,47] meiotic maturation. We 
examined the effects of activators of PKC on the early embryonic 
cell cycles of sea urchins. We found that treatment of sea urchin 
early embryos with activators of PKC (PMA or diC,) resuited in 
cell cycle arrest that was dependent on the time of application of 
the inhibitor. The administration of PKC activators prior to the 
beginning of S phase blocked entry into mitosis, while adminis- 
tration during prophase blocked exit from mitosis. The con- 
centration of PMA used ın the present study (200 nM) is sufficient 
to activate PKC in vivo, since similar concentrations induce 
cytoplasmic alkalinization in unfertilized sea urchin eggs; a 
process that involves activation of a Na*/H* antiporter by PKC 
[30-32]. To learn more about the inhibitory effects of PKC on the 
cell cycle we analysed the effects of PKC activation on [Ca**], 
cyclin B levels, p34**** kinase activity and its phosphorylation 
state. 


PKC activation blocks cell cycle [Ca**], transients 


We have shown that the activation of PKC eliminates cell cycle 
[Ca**], transients in populations of early sea urchin embryos 
without altering the normal resting level of [Ca?*]. This method 
arrests the cell cycle in a manner similar to Ca** chelators 
injected into single cells [3,4] In our hands, PMA was more 
effective than the membrane-permeant Са?* chelator, biso- 
aminophenoxy)ethane-N,N,N',N'-tetra-acetic acid (BAPTA) 
tetrakis(acetoxymethyl ester), at blocking cell cycle progression 
in sea urchins. A number of our results show that it is unlikely 
that PMA arrests the cell cycle due to a non-specific toxic effect. 
First, the embryos arrest at different defined stages of the cell 
cycle depending on the time of PMA application. Second, the 
PMA somer, 4aPMA, has no effect on cell cycle progression. 
Third, rates of protein and DNA synthesis are not altered by 
PMA treatment Fourth, PMA does not alter the resting level of 
[Саз], 
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How does the activation of PKC block cell cycle [Ca**], 
transients? In early frog and sea urchin embryos, there 1s 
compelling evidence that these transients are generated by 
periodic increases in the intracellular concentration of 
Ins(1,4,5)P,, which causes Ca** to be released from the en- 
doplasmic reticulum [8,21]. In cultured cells, PKC activation 
blocks the production of Ins(1,4,5)P, by receptor-coupled 
PtdIns(4,5)P, hydrolysis in response to growth factors and other 
extracellular signals [17-19] This inhibition 1s due to PKC 
phosphorylating phospholipase C (PLC), the enzyme that cata- 
lyses PtdIns(4,5)P, hydrolysis, or to PKC phosphorylating the 
cell surface receptor. These phosphorylations prevent the sub- 
sequent activation of PLC by tyrosine phosphorylation [17,19] or 
G proteins [18]. It is intriguing in light of this finding that PMA- 
induced cell cycle arrest at G2/M in cultured mammalian cells 
involves PKC phosphorylation of the epidermal growth factor 
receptor [48]. We have shown that endoplasmic reticulum micro- 
somes prepared from PMA-treated embryos sequester Ca?* at 
the same rate as microsomes prepared from control embryos. 
Furthermore, endoplasmic reticulum microsomes prepared from 
PMA-treated embryos have the same sensitivity to Ins(1,4,5)P, 
as controls. These observations are consistent with the idea that 
PKC activation blocks [Ca**], transients by reducing levels of 
Ins(1,4,5)P, during the cell cycle. In sea urchin embryos, the 
increases in Ins(1,4,5)P, during the cell cycle are probably due to 
the periodic activation of a PLCy isoform [49] and this is clearly 
a potential target for phosphorylation by PMA-activated PKC. 


[Ca**], transients required for p34“* activation and Inactivation 


We took advantage of the finding that PKC activation appeared 
to inhibit embryonic cell cycles by preventing normal [Ca**], 
transients, to determine how [Ca**], transients might affect levels 
of р34° kinase activity. In the first cell cycle of sea urchin 
embryos, [Ca**], 15 trárisiently elevated at pro-nuclear migration 
(G1/S), NEBD, anaphase onset, and cleavage [3,8,20,21]. The 
capacity to eliminate these [Ca**], transients using PMA has 
enabled us to directly show that Са?” is required in vivo for 
activation and inactivation of the key cell cycle regulatory 
protein, р34%°% The effect of PMA on p34°° activity is due to 
its effect on [Ca?'], transients, since both the activation and 
inactivation of p34**** are partially restored in PMA-treated 
embryos when Ca** ionophore A23187 is used to elevate [Ca?*] . 
Ca** may be required for the p34*4*? activation pathway as early 
as the G1/S transition, since the administration of PKC activators 
at later stages of the cell cycle does not block mitosis entry. 
Therefore it 1s possible that one or both of the interphase [Ca?*], 
transients (G1/S and NEBD) participate 1n the activation of 
p34stet, 

Ca** is required for the inactivation of p34*?*? at the metaphase/ 
anaphase transition, since the administration of PKC activators 
during telophase does not block exit from mitosis This suggests 
that the metaphase/anaphase [Ca**], transient participates in the 
p34***? inactivation pathway. Although it is well established that 
elevated [Ca*'] triggers p34**** inactivation in oocytes arrested at 
meiotic metaphase [14], there have been few reports of Ca** 
regulating p34^9^* activity during mitosis. Activation and in- 
activation of p34**** are inhibited by Ca** chelators in cell-free 
preparations of frog embryos [16], and elevated physiological 
levels of Ca** induce precocious inactivation of p34*** in 
permeabilized sea urchin embryos [15]. The latter finding implies 
that the metaphase/anaphase [Ca**], transient is not only 
required for p34™°* inactivation, but that it controls the timing 
of inactivation. 


Although artificially elevating [Са?+] by the application of 
ionophore led to a partial restoration of both activation and 
inactivation of p34, this did not allow cell cycle progression to 
take place. Microinjection of Ins(1,4,5)P, into arrested embryos 
was similarly without effect. This might be because neither of 
these artificial methods of elevating [Ca*"], faithfully recreates 
the temporal and spatial aspects of cell cycle [Ca**], transients 
that are required for entry into or exit from mitosis. Alternatively, 
it is possible that PKC activation might also inhibit cell cycle 
progression through alternative mechanisms in addition to its 
effect on cell cycle [Ca**], transients. For example, 1t 1s possible 
that PKC activation might result in the abnormal sub-cellular 
distribution of key Ca**-binding proteins, such as calmodulin 
[50]. 


Mechanism of p34*7? activation by ба?" 


In systems where it has been analysed, the activation of p34°4°? 
involves several sequential events. In the first step, p34*1*! binds 
to cyclin B and is phosphorylated at a site required for activity 
(Thr**), and at sites that inhibit its activity (Thr! and Tyr!*). In 
the second step, the cdc25 phosphatase activates р34° by 
dephosphorylating Туг! and Thr!* [2]. The amino acid sequence 
of sea urchin p34 has not been determined; however, it 
undergoes cycles of tyrosine phosphorylation during interphase 
and dephosphorylation at G2/M, consistent with the presence of 
an inhibitory site equivalent to Tyr'^ ([39] and Figure 8A). We 
have shown in the present study that the elimination of interphase 
[Са?+] transients does not inhibit cyclin B synthesis, formation of 
the cyclin B-p34**** complex, or the phosphorylation of p34*1** 
on tyrosine. However, р34°%°% 15 not activated and does not 
undergo the tyrosine dephosphorylation that normally accom- 
panies activation. These results imply that elevated Ca?* 15 
required for the dephosphorylation of p34**** at an inhibitory 
site equivalent to Tyr!’ If so, the role of Ca** may be to increase 
cdc25 phosphatase activity, or to decrease the activity of Weel, 
the protein kinase that phosphorylates p34**** at Tyr. In HeLa 
cells, the human tyrosine phosphatase p$4(cdc25-c) ıs 
phosphorylated at the G2/M phase transition through a Ca**/ 
calmodulin-dependent pathway [51]. It is possible that in sea 
urchin embryos, cdc25 activity is affected by the [Ca?*] transient 
at the G2/M phase transition through a similar Ca**-dependent 
mechanism. 


Mechanism of p34“ Inactivation by ба?” 


The inactivation of p34**** during M phase involves proteolytic 
destruction of its cyclin B subunit and dephosphorylation at 
Тһг!8 [36]. In frog oocytes arrested at meiotic metaphase, the 
fertilization [Ca**], transient induces proteolysis of cyclin B and 
inactivation of р34°%°# [14]. In permeabilized sea urchin embryos, 
elevated [Ca**], induces p34*t** inactivation without cyclin B 
proteolysis, thereby demonstrating that these two processes can 
be uncoupled in a mitotic system, and that p34°**? inactivation, 
but not cyclin destruction, 1s controlled by Ca** [15]. This 
conclusion is supported by the work of Landsay et al. [16], who 
found that the addition of Ca** to mitotic extracts prepared in 
the presence of the Ca** chelator, BAPTA, could induce rapid 
inactivation of p34? without cyclin B proteolysis. An important 
prediction of our hypothesis is that the elimination of mitotic 
[Ca**], transients should block inactivation of p34**^* without 
blocking the destruction of cyclin B. In the present study, we 
show that this prediction 1s correct; the use of PMA to eliminate 
[Ca?'], transients during mitosis blocks р34° inactivation, but 
cyclin B is destroyed at the same time as 1n control embryos. This 
is further evidence that p34° inactivation and cyclin B pro- 
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Figure 9 The effects of Ca** on p34** kinase activation and Inactivation In embryonic cell cycles 


The various p34*cyciln B complexes formed бипп the early embryonic cell cycles are shown Inactive р34°®° Is shown as an oval and active р34° is shown as а star shape In interphase, 
934 and cyclin В associate and p34™ is phosphorylated on Tyr'^ (Y on the left side of cdc2) by Weel Kinase Thr'** (T on the nght side of cdc2) 15 phosphorylated by cdc2-achvating kinase 
(САК) At the onset of mitosis, the conversion from inactive into active p34" kinase Is accomplished through the dephosphorytation of Tyr'^ by the tyrosine phosphatase cdc25 Activation of p34“ 
kinase leads to the stimulation of tha anaphase-promoting complex (APC) leading to cyclin destruction by proteasomes As mitosis ends, p34**? is rendered inactive by the activity of Thr'® 
phosphatase (T161P). The data presented in the present study suggest that Ca?* is important in the activation of p34 kinase either through the activation of cdc25 or inactivation of Weel. 


Ca?* is also required for Thr'®’ phosphatase activation and thus p34 Inactivalion. 


teolysis are distinct, separable processes during mitosis. In 
contrast, we show that in the absence of mitotic [Ca**], transients, 
р34° does not undergo threonine dephosphorylation that is 
normally associated with its activation and exit from mitosis. 
Lorca et al. [36] previously reported that okadaic acid (an 
inhibitor of type 1 and type 2A serine/threonine protein 
phosphatases) blocked p34**** inactivation, but not cyclin B 
proteolysis, in cell-free extracts of frog embryos. In their study, 
p34*** remained active in the absence of cyclin B, because it did 
not undergo dephosphorylation at Thr!$!, Our results provide 
evidence that the metaphase/anaphase [Ca?**], transient controls 
the timing of p34*** inactivation in early sea urchin embryos by 
inducing the dephosphorylation of p34**** at a site required for 
activity (the equivalent of Thr!*). A model of the possible 
interactions of Ca?* with cell cycle control proteins in early 
embryonic cell cycles 1s shown in Figure 9. 

If Ca** inactivates р34°%° via dephosphorylation, what is the 
role of cyclin B proteolysis? Since the phosphorylation of р34°4°% 
at Thr?! requires p34**** binding to cyclin B [36,38], and because 
the Thr!*' kinase is constitutively active during early development 
[52], cyclin B proteolysis ensures that p34**** remains inactive 
until the appropriate stage of the next cell cycle, when cyclin B 
has re-accumulated. This is especially important in view of the 
transient nature of the metaphase/anaphase increase in [Ca?*]. 
A return of [Ca**], to resting levels in the continued presence of 
cyclin B might be expected to re-activate р34°%°% and thereby 
prevent the completion of mitosis, as occurs with non-degradable 
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cyclin B mutants [35,53—55]. In permeabilized sea urchin embryos, 
elevated [Ca**], inactivates p34**** without cyclin B proteolysis; 
however, [Ca?*], is maintained at an elevated level throughout 
the course of these experiments by means of Ca**/EGTA buffers 
[15]. Although the phosphothreonine content of p34*?*? was not 
determined in the present study, Са?* was found to induce 
dissociation of cyclin B~p34™ complexes [15]. Since this complex 
1s stabilized by the phosphorylation of р34%° at Thr!*! [56], its 
dissociation may well be a consequence of Ca?*-induced Thr! 
dephosphorylation. How Ca** plays а role in p34 activation 
at one stage of the cell cycle, and triggers inactivation at another 
stage, is an important question. The present study suggests that 
component(s) of the pathway that govern p34**** dephosphoryl- 
ation at Thr’® are not functional, ог do not have access to 
p34***, during the NEBD [Ca**], transient. In contrast, these 
component(s) are enabled, or are accessible to p3474*? at the time 
of the metaphase/anaphase [Ca**], transient. 
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Identification of active-site residues in Bradyrhizobium japonicum 


malonamidase E2 


Hyun Min КОО, Sung-Ook CHOI, Hyun Mi KIM and Yu Sam KIM’ 


Department of Biochemistry, College of Science, Bioproducts Research Center, Yonsei University, Seoul 120-749, Korea 


Malonamidase (MA) E2 was previously purified and charac- 
terized from Bradyrhizobium japonicum USDA. 110. The gene 
encoding this enzyme has been cloned, sequenced and expressed 
in Escherichia coli. The recombinant MAE2 was purified to 
homogeneity from the transformed E. coli. The biochemical 
properties of the recombinant enzyme are essentially identical to 
those from wild-type B. japonicum. A database search showed 
that the MAE2 protein has a high sequence similarity with the 
common signature sequences of the amidase family. The only 
exception 1s that the aspartic residue in these signature sequences 
is replaced by a glutamine residue. In order to identify amino 
acid residues essential for enzyme activity, a series of site-directed 
mutagenesis studies and steady-state kinetic experiments were 
performed. Gln!?5, Ser!9??, Cys?” and Lys?! of the common 


INTRODUCTION 


Three malonamidases (MAs), MAEla, MAEIb, and MAE2, 
have previously been purified and characterized from Brady- 
rhizobium japonicum [1]. These enzymes are known to catalyse all 
or some of the following reactions: malonyl transfer to hydroxyl- 
amine; hydroxylaminolysis of malonamate; and hydrolysis of 
malonamate. Among them, MAEZ is highly specific for hydroxyl- 
aminolysis and hydrolysis of malonamate. Its affinity for 
malonamate is 30- and 70-fold higher than that for MAElIa and 
MABRib respectively [1]. These enzymes were first found in B. 
japonicum bacteroids and the plant cytosol of soybean nodules. 
It has been proposed that they may be involved in the transport 
of fixed nitrogen from bacteroids to the plant cell in symbiotic 
nitrogen metabolism [2]. 

Acylamide amidohydrolases (amidases; EC 3.5.1.4) catalyse 
hydrolysis of carboxylic acid amides to carboxylic acids and free 
ammonium. These enzymes are involved in nitrogen metabolism 
in cells and are widely distributed in living organisms: they have 
been found in both prokaryotic and eukaryotic cells. Among 
bacterial enzymes, amidases from. Brevibacterium sp. R312 and 
Pseudomonas aeruginosa are well characterized. Based on the 
results of experiments performed with inhibitors, they have been 
classified as sulphydryl enzymes [3,4], which belong to an amidase 
signature family. This family has a highly conserved linear 
sequence rich in serine and glycine residues which spans nearly 50 
amino acids in length (Figure 1) [5,6]. In addition to MAE2, 
more than 45 proteins containing the amidase signature sequence 


«$ have been identified to date. They include many prokaryotic 


[6-12] and fungal enzymes [13—15], one avian enzyme [16], one 
mammalian enzyme [17] and three putative members from 


signature sequences were selected for site-directed mutagenesis. 
Among the mutants, Q195D, О195Е and S199C showed less 
than 0.02 95 of the Е, value of the wild-type enzyme, and S199A, 
Q195L апа Q195N exhibited no detectable catalytic activities. 
Mutants (K213L, K213R and K213H) obtained by replacement 
of the only conserved basic residue, Lys", in the signature 
sequences, also displayed significant reductions (approx. 380- 
fold) in k,,, value, whereas C207A kept full activity. These results 
suggest that MAE2 may catalyse hydrolysis of malonamate by a 
novel catalytic mechanism, in which С1п!95, Ѕег!% and Lys??? are 
involved. 


Key words: glutamine, serine, lysine, site-directed mutagenesis, 
steady-state kinetics. 


Caenorhabditis elegans. Recently, Kobayashi and his co-workers 
showed that the active-site residues of Rhodococcus rhodochrous 
Jl amidase were Asp’*? and Ser!** rather than the generally 
accepted Cys** residue [18]. The catalytic features of rat fatty 
acid amide hydrolase (FAAH), which is the only characterized 
mammalian member of the amidase family, were investigated 
through mutagenesis, affinity labelling and kinetic studies. 
Affinity labelling of FAAH with ethoxyoleoyl fluorophospho- 
nate, a specific nucleophilic inhibitor, has demonstrated that 
the Ser™! residue is the enzyme’s catalytic nucleophile [19]. In 
spite of significant progress in expanding our knowledge of 
amidases, little is known about their catalytic mechanism and/or 
tertiary structure. 

In the present study we describe the molecular cloning of the 
B japonicum MAE2 gene^and the expression of the gene in 
Escherichia coli. Our results from mutagenesis and steady-state 
kinetic experiments clearly demonstrate that Gln!?5, Ser!?? and 
Lys?** are essential for MAE2 catalytic activity. Identification 
of the active-site residues demonstrates not only the specificity of 
the enzyme for malonamate, but also enhances our understanding 
of the enzyme's reaction mechanism. 


EXPERIMENTAL 
Strains and plasmids 


B. japonicum USDA. 110 was obtained from the Genetic En- 
gineering Research Institute (Daeduck, Korea). E. coli XL-1 
Blue MRA (P2) and MRA (Stratagene) were used to construct 
the genomic library of B. japonicum. For subcloning, E. coli XL- 
] Blue MRF’ (Stratagene) was used as a host strain. A pCR2.1 





Abbreviations used: РААН, fatty acid amide hydrolase, IPTG, isopropyl #-p-thiogalactoside, LB, Luria-Bertani, MA, malonamidase 
1 To whom correspondence should be addressed (e-mail yskim@bubblie yonsei ac. kr) 
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V o4 i i 
173 EEBBSESAAAVGAGMIPLALGIQTGMEN TRBAAYRGTAAIWSSFR 217 
150 EENSCESAAAVAAGMCDLALGSTCENIGNSASHNCVMGENMIYG 194 
171 EESNSESAALVASGEVDIAVGGROGERI SI SSAFRGTYGMNEEHG 215 
147 EREBIGETAAALAAGLIFAGMGTRTCENI ВААУ ТУО ҮС 191 
169 EEBSBSsAALVANGQVDMAVGGROGNNIMIAAFNCIVOHEEMHG 213 
170 EEBEGESAALVASeDVDFAIGGMDGESMIRIBAAVEGVVGHNEAEFG 214 
222 HESSGEEGALIAGGGSLLGIGSRVAENIB ЛЗР СОЯ БЕ 266 
215 EEBGEEGALIGSGGSPLGLGTEIGEMINEBSAFBGICGLNEÉEEN 259 
207 SERSCRIEGSLIGAHGSLLGLGTINGRSIGISsYocLFcLEGEG 251 
148 ERSEGESCAAVAAALSPVAHGNAAEBNBIBASVEGVVGLIBNERG 192 
147 ERRSGEAGSAVAAGIGTIAHGNÉIGER BWEAHCNGVATLEEOG 191 
153 BABSSESGVATAAGLCYASICTRIGENIBERAAANGLTGINEGC 197 


Figure 1 The amidase signature saquence region of all previously reported members of the amidase family 


From top to bottom MAEZ, malonamidase E2 from 8 japonicum USDA110 (GenBank AF012735), Met, amidase from Mefhanobactenum thermoeautotrophicum [221 , Pse, amidase from Pseudomonas 
chiororaphis [23], Rho, amidase from Rhodococcus sp [6], J1-L, amdase from Ahodocoecus rhodochrous J1 [7], N-774, amidase from Rhodococcus sp. N-774 [8]; VDHAP, a vitamin D, 
hydroxylass-associated protein from cockerel [16], РААН, oleamide hydrolase from rat [17], Yeast, putative amudase from Saccharomyces сетизюе [24], El (6-aminohexanoate-cychic-dimer 
hydrolase), El enzyme from Fiavobactenum [9], IND-B, indoleacetamide hydrolase from Bradyrhizobium japonicum [26], Com, amidase from Comamonas acidovorans [27] Residues of the signature 
sequence region that are consarved among the amidase family members are shown on a black background and the relative amino acid position of the signature sequence in each amidase is given 
by the numbers preceding and following the sequence informabon Arrows indicate the amino acid residues that correspond to Gin'™, Ser!99, Cyst and 1у52'° of таюпаткіаѕе E2 from B japonicum 


examined tn this experiment 


vector for cloning of PCR products was purchased from In- 
vitrogen. The A vector (A DASH П/ BamHI vector kit) and the 
pBluescript KS II plasmid vector for subcloning of genes were 
purchased from Stratagene. The pUC18 plasmid for expression 
of genes was obtained from Pharmacia. 


Enzymes and chemicals 


Restriction enzymes and Tag DNA polymerase were purchased 
from Boehringer Mannheim. T4 DNA ligase and calf intestinal 
phosphatase were obtained from New England Biolabs (Beverly, 
MA, U.S.A.) Sequencing primers and the labelling system were 
purchased from Promega. **P-labelled nucleotides and nitro- 
cellulose filters were from Amersham Pharmacia Biotech. The 
synthetic oligonucleotides were obtained from Bioneer Co., 
Chungbuk, Korea. 


N-terminal amino acid sequence analysis of MAE2 


MAE2 was purified by the method described previously [1]. One 
nmole of the protein was subjected to electrophoresis by SDS/ 
PAGE (12% polyacrylamide) and was then electroblotted on to 
a PVDF membrane according to the method of Matsudaira [20]. 
The N-terminal sequence of the protein was analysed by Edman 
degradation using a gas-phase protein microsequencer (PE 
Applied Biosystems; model 477A). 


Purification and sequence determination of peptides generated by 
tryptic digestion of MAE2 


The purified enzyme (300 ug) was denatured, reduced and 
digested with trypsin at 37°C for 48 h. The resulting peptides 
were purified by HPLC on a Deltapak C,, reverse-phase column 
(3.9 mm x 200 mm) using а 0-80% acetonitrile linear gradient. 
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Three major peptide fragments were collected and subjected to 
automated sequence analysis on a Milligen 6600B Amino acid 
Sequencer from Applied Biosystems, Inc.. 


Preparation of total DNA from B. Japonicum 


Cells from a 200 ml culture, grown 1n yeast/mannitol at 30 °C, 
were harvested. Harvested cells were then suspended in 9 ml of 
Tris/EDTA buffer [10 mM Tris/HCl (pH 8.0/1mM EDTAJ, 
and incubated with proteinase K (1 mg/ml) and 1% (w/v) 
SDS overnight at 50°C. The lysate was extracted twice with 
phenol/chloroform/isoamyl alcohol (25:24: 1, by vol.) and twice 
with chloroform/isoamyl alcohol (24:1, v/v), and digested for 
30 min at 37°C with mbonuclease A (0.1 mg/ml). The ribo- 
nuclease-digested lysate was again extracted with phenol/ 
chloroform/isoamyl alcohol (25:24:1, by vol) and chloro- 
form/1soamyl alcohol (24:1, v/v). The DNA was precipitated by 
the addition of 0 1 vol. of 3 M sodium acetate (pH 5.2) and 2 vol. 
of absolute ethanol. The precipitated DNA was spooled on to a 
glass rod, washed with 70% ethanol, and resuspended in 
Tris/EDTA buffer (pH 8.0). 


Preparation of the 4 DNA library 


The DNA isolated from В. japonicum was partially digested with 
Sau3AJ and analysed оп a 0.6% agarose gel. Fractions con- 
taining fragments of 9—23 kb were pooled together, ligated to the 
A DASHII/ BamHI vector that had been previously digested with 
BamHI, and packaged using Gigapack Ш Gold packaging 
extract (Stratagene). The packaged A phage were then used to 
infect E. coli XL-1 Blue MRA (P2). 
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Preparation of the probe 


The N-terminal amino acid sequence of MAE2 is MISLADL- 
QRRIETGELSPNAAI. A sense primer [5'-TGATCI(G/C)- 
(G/C(C/T)T(G/C)GC(G/C)GA(C/T)(C/T)T(G/A/T/C)CA- 
3] of the N-terminal amino acid sequence (MISLADLQ) and an 
antisense primer [5'-GGT(G/C)GGCAT(A/G)TI(G/C)GC- 
(G/A/T/C)GT(A/G)TC-37 of an internal amino acid sequence 
(IDANMPT) were prepared to make a probe. By using the 
following PCR procedure and the degenerate primers, a 
PCR product was prepared. Reaction mixtures (100 ul) for PCR 
contained 100 ng of B. Japonicum total DNA, 1.25 mM of each 
primer, 2.5 units of Tag DNA polymerase, 2 mM of each dNTP, 
and | ul of 10x PCR buffer (Boehringer Mannheim). The PCR 
reaction was carried out in a Techne Progene programmable 
cycling heat block for 30 cycles of 50 s of denaturation at 95 °C, 
30s of annealing at 45°C and 60s of extension at 72°C, 
followed by one cycle of 50 s of denaturation at 95 °C and 30s 
of annealing at 45 °C, 7 min of extension at 72 °C. The 216-bp 
PCR product was purified from a 12% polyacrylamide gel, 
cloned into a pCR 2.1 vector (Invitrogen) according to the 
manufacturer's protocol and sequenced. The product was radio- 
labelled with [a-"*P]dCTP using a Prime-a Labeling system 
(Promega) and was subsequently used for screening the A DNA 
library. 


Cloning strategy and DNA sequence analysis 


The A library of B. japonicum total DNA was screened by plaque 
hybridization with the radiolabelled 216-bp PCR fragment as a 
probe. Positive plaques were isolated by successive plating, and 
a pure phage was purified using a plate lysate method A 2-kb 
BamHI fragment inserted into the positive A phage DNA was 
subcloned into pBluescnpt KS II (designated pBMAE2). Ap- 
propriate restriction fragments of the DNA were prepared for 
sequencing. These were sequenced using the ABI PRISM® Dye 
Terminator Cycle Sequencing Ready Reaction Kit (Perkin— 
Elmer) and the ABI 310 automated sequencer (Applied Bio- 
systems Division of Perkin-Elmer). 


Construction of expression plasmid with the MAE2 gene 


Since there were no suitable restriction sites upstream of the 
presumed ATG initiation codon, it was necessary to modify 
the sequence upstream of the ATG codon in order for expression 
to occur. Modification was achieved by using PCR with the 
recombinant plasmid (pBMAE2) as a template and the following 
two primers. Primer 1, GCGGATCCAAGAAGGGTATGAG- 
CCatgatctcactegcecga, contained 4 segments: (1) a BamHI rec- 
ognition site (bold); (2) a ribosome-binding site (italicized); (3) a 
TGA stop codon (underlined); and (4) the MAE2 structural gene 
that begins with the ATG start codon (lower-case letters). Primer 
2, GCGGATCCgtgcgatgatcagtgc, contained 16 nucleotides of 
the gene complementary to nucleotides 1293-1308 (lower case 
letters) and a BamHI recognition site (bold). The plasmid 
designated as pMAE2 was constructed by ligation of the PCR 
product with pUC18/BamHI. This was then used to transform 
E. coli AD494 (DE3) (Novagen, Madison, WI, U.S.A.). 


Construction of recombinant plasmid for the expression of MAE2 
with a His-tag 


Expression vector pRSET A (Invitrogen), which is designed to 
express proteins containing a His-tag at the N-terminal was used 
in order to facilitate the enzyme’s recovery and subsequent 
purification. The MAE2 gene was amplified with two oligo- 
nucleotides, 5’-GCGGATCCATGATCTCACTCGCCGA-3’ 


Table 1 Oligonucleotides used for site-directed mutagenesis 
Nucleotide sequences corresponding to the mutated amino actd residues are underlined 


MAE2 gene allele Mutagenic primer set 


Q195D CGAGCCGCCGGTATCGGTGCCCAGCGCCAGCGG 
GCGCTGGGCACCGATACCGGCGGCTCGGTGATC 
Q195E CGAGCCGCCGGTGAAGGTGCCCAGCGCCAGCGG 


GOGCTGGGCACCTTCACCEGCGGCTCGGTGATC 


01951 CGAGCCGCCGETCAGGETGECCCAGCGCCAGCEG 
GCGCTGGGCACCCTGACCGGCGGCTCGGTGATC 
Q195N CGAGCCGCCGGTAATGGTGCCCAGCGCCAGCGG 
GCGCTGGGCACCATTACCGGCGGCTCGGTGATO 
$199А GGGCCGGATCACCGCECCGCCGGTCTGGETGCC 
CAGACCGGCGGCGCEGTGATCCGGCCCECCGCC 
5199C GGGCCGGATCACTGCGCCGCCGGTCTGGGTGCC 
CAGACCGGCEGCGCAGTGATCCGGCCCECCGCC 
C207A CCCGCCGCCTATCGCGGGACGGCCGCGATCAAG 
CGCGGCCGTCCCGCGATAGGCGGCGGGCOGGAT 
K213L GCGGAACGACGGCAGGATCGCGGCOGTCCOGCA 
ACGGCCGCGATCCTGCCGTCGTTCCGCATGCTG 
K213H GCGGAACGACGGATGGATCGCGGCCGTCCCGCA 
ACGGCCGCGATCCATCOGTCGTTCCGCATGCTG 
K213R GCGGAACGACGECECGATCECGGCCETCCCGCA 


ACGGCCGCGATCGCECCETCETICCECATGCTG 





and 5'-GCGGATCCGTGCGATGATCAGTGC-3' (the BamHI 
recognition site 1s shown ш bold). For PCR amplification, 50 ng 
of pMAE2 was used as a template in a 50 ul reaction system 
containing 0.2 mM of each dNTP, 1.5 mM MgCl, 25 pmol of 
each primer, 1 x Pfu reaction buffer (Stratagene) and 2.5 units 
of Pfu DNA polymerase (Stratagene). The PCR reaction was 
carried out in a Techne Progene programmable cycling heat block 
for 25 cycles of 50 s of denaturation at 96 ?C, 50 s of annealing at 
52 °C and 3 min 30 s of extension at 72 °C, followed by one cycle 
of 50 s of denaturation at 96 °C, 50 s of annealing at 52 °C and 
10 min of extension at 72 °C. The amplified product was digested 
with BamHI and was subcloned into the BamHI site of the 
expression vector pRSET A. The resulting plasmid was named 
pHMAE2. 


Site-directed mutagenesis 


Appropriate pairs of mutagenic primers (see Table 1) were 
synthesized and used to generate the mutated MAE2 by PCR, 
according to the method of QuickChange site-directed muta- 
genesis from Stratagene. Here, the pHMAE2 was used as the 
template for Pfu DNA polymerase (Stratagene). Following PCR, 
the wild-type parental plasmid remaining in the PCR product 
was selectively digested by the DpnI restriction enzyme (Boeh- 
ringer Mannheim), and the resultant mixture was used to 
transform chemically competent E. coli XL-1 Blue MRF’ (Stra- 
tagene). The desired mutants were sequenced to identify each 
mutation and confirm their fidelity. 


Expression and purification of wild-type МАЕ? 


MAE2 was expressed in E. coli AD494 (DE3) (Novagen) 
transformed with pMAE2. E. coli RNA polymerase recognized 
а Lac promoter on pUCIS8 that was used as a vector for 
subcloning. The transformed E. coli were cultured for 12 h in 
3ml of Luria-Bertani (LB) medium containing ampicillin 
(50 ug/ml), and then transferred 1nto 200 ml of the same medium. 
The culture was incubated at 37 °C for 3 h and isopropyl 1-thio- 
f-D-galactoside IPTG) (1 mM final conc.) was added, followed 
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by incubating the culture at 37°C for 16h The cells were 
harvested and resuspended in 20 mM Tris/HCl (pH 7:4)/15% 
(v/v) glycerol. The preparation of crude extract followed by Affi- 
Gel Blue column chromatography were performed by the method 
described previously [1]. The adsorbed proteins were sequentially 
eluted by the application of a 400-ml linear gradient of NaCl (0-2 
M) in the same buffer and a 300-ml stepwise gradient of 2 M 
NaCl in 20 mM Tris/HCl (pH 7.4). Fractions were collected and 
assayed for MAE2 activity. Fractions containing the enzyme 
activity were pooled. ZnSO, was added to the enzyme solution to 
give a final concentration of 0.5 mM. This solution was sub- 
sequently applied to a Phenyl-Sepharose CL-4B column, equili- 
brated with 20 mM Tris/HCl (pH 7.4) containing 2 M NaCl and 
2mM ZnSO,. After loading was completed, the unadsorbed 
materials were washed with 100 ml of the same Tris buffer 
containing 2 M NaCl and 2 mM EDTA. MAE2 was eluted by 
the application of a 300-ml linear descending gradient (2-0 M) 
of NaCl in 20mM Tns/HCl (рН 7.4) containing 2mM 
EDTA. Fractions containing the enzyme activity were pooled 
and dialysed twice against 2 litres of the same Tns buffer 
The dialysed solution was loaded on to Red-120 agarose, pre- 
equilibrated with the same buffer. As soon as the loading was 
completed, the adsorbed proteins were eluted by the application 
of a linear gradient of NaCl (0-2 M) in the same buffer. MAE2 
was eluted at 1 7-1.9 M NaC] The MAE2 solution was dialysed 
against the same Tris buffer, stored at 4°C, and used for all 
subsequent experiments. 


Expression and purification of MAE2 and mutants with a His-tag 


The expression and purification of MAE2 with a His-tag were 
accomplished according to the manufacturer’s instructions 
(Novagen). E coli BL21 (DE3) pLysS (Novagen) transformed 
with pHMAE2 were cultured for 12 h in 3 ml of LB medium 
containing ampicillin (50 ng/ml), and were then transferred into 
200 ml of the same medium. The culture was incubated at 37 °C 
for 2h and IPTG (0.5 mM final conc.) was added. This was 
followed by incubating the culture at 25 °C for 20 h. The cells 
were harvested, resuspended ın 8 ml of binding buffer [20 mM 
Tris/HCl (pH 7.9/5 mM imidazole/500 mM NaCl] and soni- 
cated. The cell lysates were put on to a His-Bind resin column. 
The protein bound to the matrix was eluted with elution buffer 
[20 mM Trs/HCI (pH 7.9)/400 mM imidazole/500 mM NaCl]. 
This protein was dialysed against 2 litres of 10 mM Tris/HCl 
(pH 8.0), stored at 4 °C, and used for all subsequent experiments. 
Each of the mutants was also expressed and purified under the 
same conditions. 


CD spectroscopy 


CD spectroscopy was used to compare the overall secondary 
structure of wild-type and selected mutant proteins. Measure- 
ments were recorded at room temperature from 190—250 nm 
under nitrogen using a JASCO J-720 spectropolarimeter with a 
] mm cell and 02 nm wavelength increments. Each spectrum 
was normalized for protein concentration and the observed 
ellipticity (6) was background-corrected against the spectrum 
obtained for the dialysis buffer [10 mM Tris/HCl (pH 8.0)] 


Enzyme assays and kinetic experiments 


MAE? activity was measured by the method described previously 
[1]. The method was based on hydroxylaminolysis of malona- 
mate: 


HOOCCH,CONH, + NH,OH > HOOCCH,CONHOH + NH, 
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Reaction mixtures (500 ul) contain 100 mM Tris/HCl buffer (pH 
8.0, 10 mM malonamate, neutralized 20 mM NH,OH and 
enzyme After incubation for 30 min at 37°C, the malono- 
hydroxamate formed was determined by the same method 
described previously for malonyl-CoA synthetase [21] The К. 
and k,,, values were measured as described above with various 
substrate concentrations (0.625-20 mM). The enzyme concen- 
trations used in this experiment were 0.042 uM for the wild-type 
enzyme and 2.1 uM for each mutant. The rate of malono- 
hydroxamate formation increased with increasing substrate con- 
centration; demonstrating typical Michaelis-Menten saturation 
kinetic behaviour. The double-reciprocal plots were linear, and 
from these plots the kinetic parameters were determined. The 
error values reported reflect the standard deviation of at least 
three independent trials. 


RESULTS 


Cloning and nucleotide sequence of the MAE2 gene from B. 
japonicum USDA 110 


Degenerate oligonucleotides corresponding to the amino acid 
sequences of the N-terminal region of the protein and of internal 
peptides were synthesized and used to clone a 216-bp DNA 
fragment from B. japonicum total DNA. This partial clone was 
then used as a probe to screen a B. japonicum total DNA library 
for full-length clones. Clones containing the entire gene were 
isolated. The DNA prepared from these positive clones was 
subjected to restriction analysis and Southern-blot hybridization 
with the probe, which indicated the location of the MAE2 gene. 
A 2-kb BamHI DNA fragment that contained the entire 
gene was isolated and subcloned into pBluescript KS II, and the 
clone thus obtained was designated as pBMAE2. The nucleotide 
sequence of the M 4 E2 gene was previously deposited at the Gen- 
Bank database under the accession number AF012735. The 
MAE2 gene encodes a polypeptide of 432 amino acids with a 
calculated molecular mass of 45635 Da. The N-terminal and 
three tryptic peptide sequences for MAE2 of B. japonicum, 
MISLADLORRIETGELSPNAAI, DPTDTANMPT, WQPR- 
HD, and AGASVQAIDL, match the nucleotide sequence in the 
MAE? gene, thus confirming that the gene encodes MAE2. 

A database search showed that the MAE2 protein sequence 
shares close homology to several amidase enzymes from or- 
ganisms as diverse as Methanobactertum thermoautotropicum 
[22], Pseudomonas chlororaphis (23], Rhodococcus sp. [6,8], R. 
rhodochrous [T], Saccharomyces cerevisiae [24], C. elegans [25], 
Flavobacterium [9], B. japonicum [26], Comamonas acidovorans 
[27] and rat [17]. These amidases collectively make up an enzyme 
family whose members all share a common signature sequence 
(Figure 1). 


Purification and characterization of MAE2 expressed In E. coli 


When E. colt harbouring pMAE2 were cultured for 12h at 
37 °C in LB medium in the presence of 1 mM IPTG, the MAE2 
activity in the supernatant of the sonicated cell-free extract of 
the transformant was 0 67 umol/min per mg of protein, which 
was 3.4-fold higher than that in B japonicum USDA 110 (with 
malonamate as the substrate). The MAE2 was easily purified as 
described in the Experimental section. The enzyme from the 
Red-120 agarose gel was homogeneous on SDS/PAGE (results 
not shown) after approx. 386-fold purification with a recovery of 
approx 43% (Table 2). The specific activity of the purified 
recombinant enzyme was 251 umol/min per mg of protein, for 
malonamate, at pH 8.0 and 37?C, corresponding well to the 
reported value of 269 5mol/min per mg of protein for the protein 


P 


Table 2 Purification of MAE2 from transformed Е. сай harboring pMAE2 


Starting materral 8 g bacteria (wet mass) Enzyme activity was measured as described in the 
Experimental section 


Specific 
Total activity Recovery 
Volume protein Total activity — (umol/mln 
Purtficabon (ml) (mg) .(umol/min) рег mg) ($) .. Fold 
Crude extract 60 1432 954 067 ; 100 1 
Aft-Ge Blue 260 78 667 85 7 7 127 


Pheny-Sepharose 51 12.8 532 41. 56 62 
Red-120 agarose 53 158 410 25 43 386 


purified from B. japonicum. The k,,, values of the recombinant 
enzyme were essentially identical to the parental enzyme from B. 
japonicum (2.2 x 10? $71 and 2.1 x 10? s^! respectively). The sub- 
strate specificity of the enzyme was examined by using other 
substrate analogues (malonate, succinate, acetate, succinnamate, 
malonamide and acetamide). However, these analogues could 
not be used as substrates, instead of malonamate, showing that 
the enzyme is highly specific for malonamate. These results 
indicate that the properties such as specific activity, molecular 
mass, substrate specificity and kinetic properties of the enzyme 
expressed in E. coli were more or less identical to those of the 
parental MAR2 


Identification of putative active-site residues 


The amino acid sequence of MAE2 identified this enzyme as a 
mernber of the amidase family, as mentioned above. This enzyme 
family is defined by a highly conserved linear sequence which 
spans nearly 50 amino acids in length (Figure 1) [5,6]. MAE2 
shows a sequence similarity with the common signature.sequence 
except that, interestingly, a glutamine residue is located at 
the position corresponding to the conserved aspartic residue in the 
common signature sequences (Figure 1). So far, members of 
the amidase family have been generally classified as one 
of the sulphydryl enzymes [3,4]. Recently, two active-site amino 
acid residues, aspartic acid and serie, have been identified 
within these common signature sequences of the R. rhodochrous 
Ji amidase [18]. It was suggested that Asp!?! of the Rhodococcus 
amidase may function as a general base drawing the proton from 
the Ser? C? hydroxy group, allowing the serine to act as а 
nucleophile attacking the carbonyl group of the amide junction 
within the substrate. More recently, the corresponding serine 
(residue 199 in MAE2 numbering) in the FAAH sequence was 
identifed as a catalytic nucleophile through mutagenesis and 
affinity labelling studies [19]. Considering the above results, the 
glutamine residue together with the serine residue was expected 
to be a candidate for the active-site amino acid residue of MAE2. 
We thus selected Gln?* and Sert”, as well as Cys*’, for 
mutagenesis. To test the possibility that a highly conserved basic 
residue served as the catalytic base of MAE2, we also selected 
Lys*"*, which is the only conserved basic residue in the signature 


sequence (Figure 1). 


Kinetic properties of MAE2 mutants 


In order to identify active-site residues essential for MAE2 
function, wild-type MAE2 and its site-specific mutants were 
produced as His-tagged fusion proteins in Ё. coli. Ten different 


mutant enzymes (01950, 01951, 91953, Q195E, S199A,. 


$199С, К2131, К213Н, K213R and C207A), as well as wild-type 
MAE2, were prepared and their hydrolytic activities, with 
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Figure 2 Circular dichrotsm spectra of purified wild-type and mutant MAE2 
enzymes 


The spectra were recorded in 10 mM Tris/HCl buffer, pH 8 0, in the far-UV region between 190 
and 250 nm at 25 °C Spectra of protein samples (approximately 03 mg/ml) were measured 
in a 300 ul quartz cell of 1 mm path length The lines АЕ represent wild-type, Q195E, $1994, 
K213H and C207A respectively The CD spectra of the Q195D, Q195L, Q195N, 51996, K213L 
and K213R mutants were within error of the spectra shown but were omitted for clarity 


malonamate as substrate, were determined. The mutant enzymes 
were successfully produced in E. coli BL21 (DE3) pLysS 
and were purified under the same conditions, as, the wild-type 
MAE2. Their CD spectra in the far UV region were almost iden- 
tical to that of the wild-type enzyme with a His-tag (Figure 2), 
indicating that no major changes occurred in the overall con- 
formation of the mutant enzymes. Specific activities of S199A, 
Qi95L and Q195N mutant enzymes were below the detection 
level (< 0.01 % of the original activity), even when large amounts 
of the enzymes were used in the reaction for 16 h. The specific 
activity of the wild-type enzyme with a His-tag was similar to 
that of the parental enzyme from B. japonicum (228 umol/min 
per mg of protein and 269 zmol/min per mg of protein respect- 
ively. The k,, values of the two enzymes were essentially 
identical (2.2 x 10* s* and 2.1 x 10? s! respectively), suggest- 
ing that the His-tag had no effect on the Michaelis-Menten 
parameters. 

The steady-state kinetic analysis of the mutant enzymes showed 
that mutations of the three residues, Gln!**, Ser!?? and Lyst”, 
resulted in MAE2 enzymes bearing significant catalytic defects 
(Table 3). The k value for malonohydroxamate formation, 
which was 2200 s! in the wild-type, was decreased by approx. 
7 x 10?-fold in the Q195D and Q195E mutants, 1.2 x 10*-fold in 
the 5199C mutant and approx. 380-fold in the K213 mutants. 
The К, of the QI95E mutant was 3-fold higher than that of the 
wild-type enzyme. The difference occurred due to the change of 
the 10nization state caused by the substitution. Differences in the 
K, values of other mutants were insignificant compared to that 
of the wild-type. This implied that the substitutions had no 
influence on substrate binding. The C207A mutant exhibited 
catalytic properties similar to those of wild-type MAE2 (Table . 
3). The results indicate that Ser!??, Lys*!* and Gin) are crucial 
to the catalytic activity of MAE2, whereas Cys'?? is not. This 15 
in agreement with the finding that the purified wild-type MAE2 
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Table 3 Kinetic properties of MAE2 mutants 


Assay conditions were as described in the Experimental section Values represent means -+ S D 
(nz 3) 


ык, 
Enzyme к, (mM) ka (877) (Ms) 
Wild-type 3764+04 2200 -+ 160 585 000 
Q195E 121+11 0 32 4-0 04 26.4 
Q195D 181+02 030-003 166 
$199C 694+07 016-+001 259 
C207A 421 - 0.1 2400 + 270 570000 
K213L 228402 58411 2540 
K213H 203+01 58-09 2860 
K213R 18404 57+04 3170 





shows a strong resistance to thiol reagents, such as N-ethyl- 
maleimide and iodoacetamide (results not shown), and with the 
finding that Cys*" is not completely conserved in every member 
of the amidase family (Figure 1). 


DISCUSSION 


We have investigated the cloning and sequencing of the MAE2 
gene from JB. japonicum, which allow the comparison of 
the amino acid sequence derived from its DNA with those of the 
amidase signature family reported so far. MAE2 shows sequence 
similarity with the common signature sequence of amidases. It is 
interesting to note that in MAE2 a glutamine residue occupies 
the position of the catalytic aspartic residue found in the common 
signature sequences (Figure 1). The present study also describes 
site-directed mutagenesis experiments on the MAE2 from B. 
Japonicum. 

MA, was previously known to form a covalent intermediate 
during catalysis. The isolation of ['*C]malonyl-enzyme by gel- 
filtration and isotope-exchange experiments with [!*O]malonate 
indicated that the enzyme operates by an acyl-enzyme mechanism 
[1]. MAE2 is not inactivated by the serine-directed inhibitor, 
PMSF (results not shown). Although this result seems to be 
inconsistent with the crucial role of Ser!*? as revealed by the site- 
directed mutagenesis experiments, such apparent inconsistency is 
known in several serine proteases. For example, leader peptidase, 
which removes signal peptides from exported proteins, is a serine 
protease, yet it 18 not sensitive to diisopropyl fluorophosphate 
( DIFP’) or PMSF [28]. It 1s also interesting to note that the 
S199C mutant showed some enzyme activity (approx. 0.025 % of 
the original activity), demonstrating indirectly the importance 
of Ser!” as a nucleophile. In support of this notion, the cor- 
responding serine in rat FAAH was identified as the enzyme's 
catalytic nucleophile [19]. 

The amide bond (CO-NH,) in the amide substrate 1s struc- 
turally not too far removed from a peptide bond (CO-NH-). 
Recently, Kobayashi and his co-workers proposed an evol- 
utionary relationship between amide-bond cleaving enzymes 
(including amidases) and peptide-bond-cleaving enzymes (in- 
cluding aspartic proteinases) [18]. However, MAE2 deviates 
from the amidase signature sequence in that a conserved aspartic 
residue is replaced with a glutamine residue (residue 195 in 
MAE2 numbering). We should therefore consider the possibility 
that the catalytic mechanism of the enzyme might resemble that 
of serine proteases. The standard mechanism for proteases, 
especially serine proteases, which has evolved both by convergent 
and divergent evolution [29], involves a catalytic triad. The 
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classical catalytic triad consists of a serine nucleophile, a histidine 
that acts as a general base to activate the hydroxy group of the 
serine, and an aspartate, which stabilizes the partial charge 
assumed by the histidine [30]. In the case of rat FAAH, the 
FAAH mutants H184Q, H358A and H449A, which involve 
the only three conserved histidine residues among rat, mouse and 
human FAAHs, retained almost full activity, suggesting that a 
histidine base does not participate in FAAH's catalytic mech- 
anism [19]. As shown in Figure 1 there are no histidine or 
aspartic residues in the common signature sequence of MAE2, 
whereas there are both a highly conserved lysine residue and a 
serine residue. Moreover, we found that there are no conserved 
histidine or aspartic residues when the amino acid sequence of 
MAE2 is aligned with all previously reported members of the 
amidase family (results not shown). These results suggest that 
MAE2 does not contain a Ser-His-Asp catalytic triad commonly 
found in other serine hydrolytic enzymes. Among serine hy- 
drolases, class A f-lactamases [31], the type I signal peptidases 
[32] and the Lex repressor [33] have been found to utilize a non- 
histidine base in catalysis. In these unusual cases, a lysine residue 
is thought to function as the general base to assist in nucleophilic 
attack by the serine hydroxy group. MAE2 has Lys*!* that is 
highly conserved in the signature sequence of the amidase family. 
It 1s very interesting to note that when lysine is replaced by other 
amino acids in the three mutants we have examined, namely 
K213L, K213R and K213E, the mutants exhibit significant 
catalytic defects suggesting the importance of Lys?!* in enzymic 
activity. Although the specific role of the lysine residue in MAE2 
catalysis has not been established, ıt is most likely that Lys?!? 
functions as a base in the activation of MA E2's serine nucleophile. 
Further characterization of MAEO's kinetic mechanism and 
high-resolution structural studies may elucidate the potential 
role of the lysine residue in MAE2's catalytic mechanism. 

Mutation of Gln’ to glutamic acid, aspartic acid, leucine or 
asparagine in MAE2 revealed that it plays a significant role in 
catalysis. The reaction of amidases is thought to proceed via an 
acyl-enzyme intermediate like an oxyanion derivative of the 
peptide in serine protease catalysis [17,34]. We suggest that 
Gint’ may participate in the stabilization of the transition-state 
complex, by forming a hydrogen-bond to the oxyanion. À 
similar role for asparagine has been proposed ın the catalytic 
mechanism of subtilisin from Bacillus amyloliquefaciens [34] and 
penicillin acylase from E. coli |35]. In the case of subtilisin, 
preventing formation of hydrogen-bonds in the oxyanion hole 
by mutating asparagine to alanine decreases its reaction rate by 
more than 1000-fold, which emphasizes the 1mportance of this 
residue in hydrolysis. 

In summary, we have sequenced, cloned and expressed the B. 
japonicum MAE2 in E. coli, and the Gln*s, Ser!? and Lys** in 
the signature sequences were identified to be part of the active- 
site of the enzyme. This is the first report that an amidase having 
the common signature sequence catalyses hydrolysis of an amide 
by a novel catalytic mechanism in which serine, glutamine and 
lysine are involved. This finding will be instrumental for under- 
standing the catalytic action of the amidase family. 
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NIMA-related kinase 2 (Nek2), a cell-cycle-regulated protein kinase 
localized to centrosomes, is complexed to protein phosphatase 1 


Nicholas R. HELPS!, Xinmei LUO', Hazel M. BARKER and Patricia T. W. COHEN? 
Medical Research Council Protein Phosphorylation Unit, Department of Biochemistry, MSI/WTB Complex, University of Dundas, Dow Street, 


Dundee 001 5EH, Scotland, UK 


The cell cycle-regulated protein serine/threonine NIM A-related 
kinase 2 (Nek2), which shows a predominant localization at 
centrosomes, is identified as a protein which interacts with 
protein phosphatase 1 (PP1) using the yeast two-hybrid system. 
Complex formation between Nek2 and PP1 is supported by co- 
precipitation of the two proteins using transfected expression 
constructs of Nek2 and the endogenous Nek2/PP1 proteins. The 
sequence KVHF in the C-terminal region of Nek2, which 
conforms to the consensus PPl-binding motif, 1s shown to be 
essential for the interaction of Nek2 with PP1. Nek2 activity 
increases with autophosphorylation and addition of phosphatase 
inhibitors and decreases in the presence of PP1. PP1 is a substrate 


for Nek2 and phosphorylation of PPly, on two C-terminal sites 
reduces its phosphatase activity. The presence of a ternary 
complex containing centrosomal Nek2-associated protein (C- 
Napl), Nek2 and PP! has also been demonstrated, and C-Napl 
is shown to be a substrate for both Nek2 and РРІ in vitro and in 
cell extracts. The implications of kinase-phosphatase complex 
formation involving Nek2 and PPI are discussed in terms of 
the coordination of centrosome separation with cell cycle 
progression. 


Key words: centrosome, cell signalling, NIMA related kinase, 
protein serine/threonine phosphatase. 





INTRODUCTION 


Most cellular functions are regulated by reversible protein 
phosphorylation catalysed by protein kinases and protein phos- 
phatases. Protein phosphatase 1 (PP1) 15 a major eukaryotic 
protein phosphatase that regulates a diverse range of cellular 
processes by dephosphorylation of serine and threonine residues 
[1,2]. The pleiotropic function of PP1 resides in the ability of the 
catalytic subunit of PP1 (PP1c) to associate with many different 
regulatory subunits гт vivo that may target PPlc to specific 
subcellular locations, alter its substrate specificity and allow its 
activity to be modified by extracellular signals. Over 20 different 
regulatory or targeting subunits of PPic have now been identified. 
For example, glycogen-binding subunits target PP1c to regulate 
the enzymes of glycogen metabolism, and myosin-targeting 
subunits enable PPlc to regulate myosin contractility [3,4] 
Several proteins that interact with PP1c permit this phosphatase 
to regulate specific nuclear processes. These include NIPP-1 
(nuclear inhibitor of PP1) [5,6], p99/PNUTS (PPI nuclear 
targeting subunit) [7,8] and the polypyrimidine tract-binding 
protein-associated splicing factor, PSF1 [9] (proteins that are 
likely to be involved in RNA processing and transport), and 
sds22 [supressor 2 of dis2 (PP1) mutant], a protein required for 
exit from mitosis [10]. Binding of PPlc to scaffold proteins may 
modulate ion channel activity [11] and other neuronal functions 
[12]. Complex formation of PPlc with other proteins, such as 
p53-binding protein 53BP2 [13], the ribosomal-binding protein 
RIPP1 [14], and a protein of herpes simplex virus 1 [15] that 
influences protein synthesis, may direct PPic to specific sub- 
strates. PPlc also binds to a number of small inhibitor proteins, 
including inhibitor-1 and inhibitor-2, which inhibit PP1c activity 
at nanomolar concentrations [1,16]. 


Interaction of regulatory subunits with PPl1c is usually mutu- 
ally exclusive, an observation recently explained by the discovery 
that a short motif -(R/K)(V/I)XF- present in the majority (but 
not all) of these subunits is sufficient for binding to PPIc [4,17]. 
In the present study, we identify the protein serine/threonine 
NIM A-related 2 kinase (Nek2) as a protein that interacts with 
PPlc via the PPic consensus-binding motif. 

Nek2 is a mammalian kinase structurally related to the protein 
kinase NIMA of Aspergillus nidulans that is required for entry 
into mitosis [18—20] Temperature-sensitive mutations of NIMA 
reversibly arrest cells in late G2 [21], despite the presence of 
activated p34**** kinase activity, indicating that NIMA function 
plays an essential role downstream or parallel to p34**** for 
progression through mitosis [22]. Although phosphorylation of 
NIMA by р34° /cyclin B is not required for basal level NIMA 
kinase activity, ıt appears to be required for mitotic entry [23]. 

Evidence for a NIMA-like mitotic pathway in mammalian 
cells was suggested by the induction of G2 arrest in Hela cells 
with dominant negative mutants of NIMA, although the arrest 
could be overcome by a constitutively active mutant of р34°%° 
[24]. The most closely related mammalian kinase to NIMA is 
Nek2 (47% amino acid identity in the catalytic domain), and 
both kinases are expressed ш a cell cycle-regulated manner [25]. 
However, expression of the Nek2 protein is low during M and 
G,, but high during S and G, phases of the cell cycle, its 
serine/threonine kinase activity paralleling its abundance [26]. 
This suggests that Nek2 may function earlier in the cell cycle than 
NIMA (which accumulates in G,), its expression is high during 
M phase, and it is degraded at the end of M phase. Nek2 shows 
an intense localization at centrosomes, the principal microtubule- 
organizing centre of mammalian cells [27]. Overexpression of 
Nek2 induces centrosome splitting, while more prolonged over- 


Abbreviations used NIMA, never In mitosis in Aspergillus nidulans, Nek2, NIMA-related kinase 2, PP1, protein phosphatase 1, PPic, protein 
phosphatase 1 catalytic subunit, C-Nap1, centrosomal Nek2-associated protein, GST, glutathione-S-transferase; MBP, maltose-binding protein, ATP[S], 
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expression of active or inactive Nek2 leads to dispersal of 
centrosomal material, suggesting that Nek2 is involved ın cent- 
rosome separation at the G,/M transition. A yeast two-hybrid 
screen with Nek2 as bait led to the isolation of centrosomal 
Nek2-associated protein (C-Napl), a protein with extensive 
coiled-coil structure that was highly enriched in centrosome 
preparations. The C-terminal region of C-Napl was phos- 
phorylated by Nek2 m vitro, as well as after coexpression of the 
two proteins in vivo. It was proposed that C-Napl could be a 
component connecting the proximal ends of the duplicated 
centrioles to each other that, upon phosphorylation by Nek2, 
would cause loss of centriole-centriole cohesion and permit 
centrosome splitting [28]. In the present article, we show that 
Nek2 and PPI form a kinase-phosphatase complex that can 
influence the phosphorylation state of C-Napl, and discuss the 
implications of the interactions for the regulation of centrosome 
separation and cell cycle progression 


MATERIALS AND METHODS 
General methods and the yeast two-hybrid analysis 


Microbial strains and methods for the yeast two-hybrid screen 
are described in Helps et al. [13,29]. In order to isolate proteins 
capable of interacting with PP1, the yeast strain Y190 containing 
a pAS2-PP1,, plasmid was transformed with DNA from a 
human peripheral B lymphocyte cDNA library in pACT. Ten 
colonies were obtained on selective media from which the pACT 
plasmids were recovered into Escherichia coli and their cDNA 
inserts sequenced 

Oligonucleotides were synthesized by Miss Audrey Gough 
and Miss Kaera Maxwell (University of Dundee, Scotland, 
U.K.) on an Applied Biosystems model 394 DNA synthesizer 
DNA sequencing was performed using Taq dye terminator cycle 
sequencing on PE Biosystems automated DNA sequencers. 


Construction of glutathione-S-transferase (GST) fusion vectors for 
the expression of Nek2 variants in mammalian cells 


Reverse transcription was used to obtain the coding region of 
Nek2 5' of PP1H5 (which encodes amino acid residues 227-445 
of Nek2) using total RNA from a human breast adenocarcinoma 
cell line MCF7, mouse Moloney murine leukaemia virus reverse 
transcriptase (Promega) and oligo(dT) primers. The resulting 
cDNA served as template for a PCR using two specific primers, 
Nek2,_,, (5-GCGCGGATCCCATATGCCTTCCCGGGCTG- 
AGGAC-3) and Nek2,, ‚м: (5-TCICITGCITIGAGAG- 
CTCGCTC-3’), containing the restriction sites BamHI and SacI 
respectively (underlined). The PCR product of 973 bp was 
digested with BamHI and Sacl, purified using QJAquick 
Nucleotide Removal Kit (Qiagen) and inserted into pACT- 
PP1HS5 cleaved with the same enzymes. The resulting construct, 
containing the full-length cDNA of Nek2 іп a BamHI-Bgill 
fragment, was verified by DNA sequencing. For expression of 
Nek2 as a GST fusion protein in mammalian cells, the Nek2 
cDNA was subcloned into the BamHI site of the vector 
pEBG-2T [30] to produce the expression plasmid, pEBG-Nek2. 

The construct pEBG-Nek2K D (kinase dead) was produced by 
mutating the codon for lysine-37 (AAA) in Nek2 to the codon 
for arginine (AGA). The mutation was performed by a two-step 
recombinant PCR method [31,32], using pEBG-Nek2 as template 
DNA with primer Nek,,, ,,, (-CAAGTICICICCAAACT- 
AATATC-3’) containing the desired mutation (underlined) and 
its reverse complement. The outside primers were Nek2,,, 
and Nek2,. 49, (5 -CTAGCTAGCCCAAAGTCTCC-3’), down- 
stream of a НїпсП site. The PCR product was subcloned into 
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pCR2.1-TOPO vector (Invitrogen, Leek, The Netherlands) and 
verified by DNA sequencing. A 0.4 kb BamHI-Hincll fragment 
contamung the desired mutation was cleaved out and used to 
replace the corresponding fragment 1n pEBG-Nek2. 

The construct pEBG-Nek2NB (non-binding) was produced 
by mutation of the codon for phenylalanine-386 (TTC) to alanine 
(GCC). The primer Nek2,,, ,,, (S-TTGCIGTATGAGTTA- 
TGTGC-3^, which lies upstream of an EcoRI site, and primer 
Nek2, 937-1977, (5 -СТСАСААТТСТСАСТССТСАТСАТСТТ- 
CTCTTTACTTTCCCCACTGGCATGAACTTTCTTC-3) 
containing an EcoRI site (double underlined) and the mutation 
(underlined), were employed using pEBG-Nek2 as a template in 
a PCR to obtain a fragment containing the desired mutation 
The 0 5 kb PCR fragment was digested with EcoRI and this 
fragment was substituted for the corresponding EcoRI frag- 
ment of Nek2 in pFASTBACHTb (Life Technologies), a vector 
that has no EcoRI sites. The BamHI-Kpnl fragment of pEBG- 
Nek2 was replaced by the corresponding fragment from 
pFASTBACHTb-Nek2 to give pEBG-Nek2NB, the mutation 
being confirmed by DNA sequencing. 


Expression of proteins in bacterta 
C-Nap! fused to maltose-binding protein (MBP) 


DNA encoding the C-terminal amino acid residues 1851-2442 of 
C-Napl [28] was PCR-amplified from human testis Marathon- 
Ready cDNA according to the manufacturer's instructions 
(ClonTech, Palo Alto, CA,U.S.A.) using the oligonucleotide 
primers CCATATGACACTGAAGGAGCGTCATGG and 
TICTAGATGAGAGGCAGTACATGTC, containing natu- 
rally occurring Ndel and Xbal sites (underlined) present within 
the cDNA. The PCR product was cloned into the pCR2.1 
(TOPO) vector, its sequence was confirmed and the insert was 
subcloned into the MBP fusion vector, p-MAL-HA [pMAL-c2 
(New England Biolabs) modified by Dr C. A. Armstrong to 
contain an HA tag and additional restriction enzyme sites 
including an NdeI site] using the NdeI site and a HindIII site 
(present 1n the pCR2.1 vector). The plasmid was transformed 
into E. coli BL21 (DE3) pLysS which were grown at 37 ?C to 
D,,, Of 0.3, then expression was induced with 100 nM isopropyl 
f-p-thiogalactoside for 3 h at 37 °C. The cells were harvested by 
centrifugation, resuspended in 1ce-cold lysis buffer [50 mM Tris/ 
HCI (pH 7.5), 0.1 mM EGTA, 0.1% (v/v) 2-mercaptoethanol, 
0.02 % (w/v) Bry 35, 5% (v/v) glycerol, 1 mM EDTA, 200 mM 
NaCl], containing 0.1 mM PMSF and 1 mM benzamidine, and 
lysed by sonication. The lysate was centrifuged at 45000 g for 
20 min and the supernatant was added to 1.5 ml of amylose resin 
(New England Biolabs) equilibrated in lysis buffer. After incu- 
bation with mixing at 4 ?C for 1 h, the resin was washed three 
times with 20 ml of the same buffer, then placed 1n an Econpac 
(Bio-Rad) column. After further washing, the bound MBP-C- 
Napl protein was eluted from the column with buffer containing 
10 mM maltose, The peak protein fractions were dialysed against 
50mM Tris/HCl (pH 7.5), 0.1 mM EGTA, 0.1% (v/v) £- 
mercaptoethanol, 0.02% (w/v) Bry 35, 5% (v/v) glycerol and 
stored at — 70 °C. 


PP1H5 fused to GST and MBP 


A Ве fragment encompassing the PPIH5 fragment of Nek2 
was excised from the pACT plasmid and inserted into the BamHI 
site of the expression plasmids pGEX-3X and pMAL-HA, which 
were expressed in E. coli. GST-PPIHS was affinity purified on 
GSH-agarose [13] and MBP-PP1HS was affinity-purified as 
described above for MBP-C-Napl. 


4 


РР1 variants 


Rabbit (identical sequence to human) PPla and human PP1,, 
[33] were expressed in Ё. coli and purified as described [34]. The 
PPl4, cDNA in the pCW expression vector was mutated at 
histidine-125 to alanine by using the Quikchange mutagenesis 
system (Stratagene) and the complimentary oligonucleotides 
CAGAGGGAACGCTGAATGTGCC and GGCACATTC 
AGCGTTCCCTCTG (mutated codons ın bold). After verifying 
that the sequence was correct, the mutated PPly, protein was 
expressed and purified as described for PPly,. The construction 
and expression of PP1, tagged with the epitope EFMPME(H), 
is described in [13]. 


Production of antibodies 


А 10 mg aliquot of GST-PPIHS was cleaved with 0.1 mg of 
Factor Xa (New England Biolabs) in 50 mM Tris/HCI (pH 8.0)/ 
100mM NaCl/2mM  CaCL/1mM  dithiothreitol/0.5 mM 
EDTA/0.5% Triton for 1 h at 23 °C. The pH was then adjusted 
to 7.5, the solution was made 2 mM in EGTA and the Factor Xa 
was removed by adsorption to p-aminobenzamidine-agarose 
beads. Free GST was removed from the PP1H5 by adsorption to 
GSH-agarose beads. The purified PP1H5 (C-terminal 219 amino 
acids of Nek2) was used to raise anti-Nek2 antibodies in sheep at 
the Scottish Antibody Production Unit (SAPU,. Carluke, Ayr- 
shire, Scotland U.K.), which were affinity purified on a column 
matrix of МВР-РРІН5 covalently coupled to CNBr-Sepharose 
(Pharmacia). Affinity purified anti-Nek2 antibodies (1 mg) were 
coupled to Protein G-Sepharose (1 ml) using dimethylpim- 
elimidate [35]. Anti-GST antibodies were obtained from Santa 
Cruz Biotechnology. Anti-PP1 antibodies were raised against the 
human PPL, in sheep by SAPU, affinity purified on а column 
matrix of PP1,, coupled to CNBr-Sepharose and coupled to 
Protein G-Sepharose as described for Nek2 antibodies. Anti- 
bodies against the PP1,, epitope tag EFMPME were coupled to 
Sepharose as described in [13]. Anti-C-Napl antibodies were 
raised in sheep by SAPU to the peptides CPHSHKTSPMEEQS, 
CQAPEATVLEAETRR and CLHPSPSTTQAASR, conjugated 
to keyhole limpet haemocyanin and affinity purified on peptide 
CH-Sepharose columns. 


Transfection of 293 cefls and preparation of cell extracts 


Human embryonic kidney 293 cells were cultured in 10 cm- 
diameter dishes and transfected with pEBG constructs using a 
modified calcium phosphate method [36]. Cell lysates were 
prepared 48 h post-transfection after one medium change 24h 
after transfection. Each dish of cells was lysed in 0.5 ml of ice- 
cold lysis buffer [50 mM Hepes (pH 7.5), 100 mM NaCl, 10 mM 
MgCl, 5 mM MnCl, 5 mM KCI, 5 mM EGTA, 2 mM EDTA, 
0.1% Nonidet P40] containing Complete Protease Inhibitor 
Cocktail (Boehringer Mannheim) and supplemented with 2 uM 
microcystin where stated. The lysate was centrifuged through a 
OlAshredder (Qiagen) for 10 min at 4°C for homogenization. 
The cleared extract was snap-frozen in liquid nitrogen and stored 
at —80 °C. 


Immunoprecipitation, glutathione- and amylose-affinity methods 


Cell lysate containing 1 mg of protein in 0.5 ml of lysis buffer was 
used for each immunoprecipitation. The lysates were precleared 
at 4°C for 1h on a shaking platform with 10 д1 of Protein 
G-Sepharose. The supernatants were incubated with 10 ul of 
Protein G-Sepharose coupled to 10 ug of anti-PP1 antibodies for 
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Ih at 4°C. The mmunoprecipitates were washed four times 
with lysis buffer and subjected to 10% PAGE in SDS buffer. 
Glutathione-affinity and amylose-affinity sedimentations were 
performed in a similar manner from cell extracts and with 
purified proteins, except that anti-PP1—Sepharose was replaced 
by GSH-Sepharose (Pharmacia) and amylose resin respectively. 

For immunoprecipitations using anti-Nek2 antibody, cell 
extracts at 1 mg/ml protein in lysis buffer were precleared for 
30 min at 4°C using pre-immune IgG covalently bound to 
Protein G-Sepharose, then transferred to anti-Nek2-Sepharose 
and incubated for 1h at 4°C. The immunoprecipitates were 
washed three times with lysis buffer and then used for SDS/ 
PAGE or protein phosphatase assays. 


In vitro kinase assays 


Lysates from cells transfected with pEBG—Nek2 constructs were 
incubated at 4°C for 1 h on a shaking platform with 10 ul of 
GSH-Sepharose. The beads were washed twice in lysis buffer 
containing 0.5 M NaCl, once with lysis buffer and once with 
kinase buffer [50 mM Tris/HCl (pH 7 5), 10 mM МЕС]. The 
standard Nek2 kinase assay (50 ul) contained washed GSH- 
Sepharose precipitate, 50 mM Tris/HCl (pH 7.5), 10 mM MgCl, 
i mM dithiothreitol, and 0.1 mM [5-!PJATP (1000 c.p.m./ 
pmol). Myelin basic protein (Gibco Life Sciences, Paisley, 
Renfrewshire, Scotland, U.K.), dephosphorylated f-casein 
(Sigma), PPI or C-Napl were included as exogenous substrates 
at 18 uM, 16 uM, 2.7 uM and 0.7 uM respectively. The assays 
were carried out for 15 min at 30 °C, with continuous agitation. 
Reactions were stopped by the addition of 10 ul of 6x SDS/ 
PAGE loading buffer and heated at 95 °C for 5 min, following by 
separation of the reaction products by SDS/PAGE and detection 
by autoradiography. Alternatively, for reactions containing 
myelin basic protein, a 40 д1 aliquot was removed, spotted onto 
a 2x2cm square of phosphocellulose paper and immersed in 
75 mM phosphoric acid. After washing four times in phosphoric 
acid and once in acetone, the papers were dried and the **P 
radioactivity determined by Cerenkov counting. One unit of 
kinase activity is that amount of enzyme that incorporates 
] nmol ATP into the substrate in 1 min. 


Identification of Nek2 phosphorylation sites on PP1y 


GST-Nek2 protein was purified from 400 ug of protein from 
extracts of transfected 293 cells. A 1 ug portion of PPly(H125A) 
was then phosphorylated by this kinase preparation in 30 ul of 
reaction mixture containing 50 mM Tris/HCl (pH 7.5), 10 mM 
MgCl, 0.1% (v/v) 2-mercaptoethanol and 100 nM [*P]yATP 
for 1h at 30°C. The reaction products were separated by 
SDS/PAGE in 10% gels and stained with Coomassie Brilliant 
Blue R250. The PPly band was excized from the gel, digested 
with trypsin and the peptides were separated by HPLC. **P- 
labelled peptides were analysed by Dr N. Mornce (University of 
Dundee, Scotland, U.K.) using matrix-assisted laser desorption 
ionization-time-of-flight MS on an Elite-STR mass spectrometer 
(PerSeptive Biosystems) in reflector mode with 4-hydroxy-a- 
cyanocinnamic acid (10 mg/ml in 50% acetonitrile/0.1% tri- 
fluoroacetic acid/49.9% water) as the matrix. The sequences 
were confirmed by Edman degradation on an Applied Biosystems 
476A. sequencer. The sites of phosphorylation were determined 
by measuring the release of radioactivity following solid-phase 
Edman degradation of the peptides coupled to Sequelon-AA 
membrane (Milligen, Bedford, M.A. U.S.A.). 
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Protein phosphatase assays 


3?P-labelled rabbit skeletal muscle glycogen phosphorylase was 
prepared using phosphorylase kinase to a stoichiometry of 1 mol 
phosphate/mol subunit by Dr H Y. L. Tung [37]. ?*P}Labelled 
MBP-C-Napl was prepared as follows: GST-Nek2NB was 
purified from 1 mg of cell extract as described above and the 


washed GSH--Sepharose beads further washed once in reaction. 


buffer [50 mM Tris/HCl (pH 7.5), 0.5 mM EGTA, 10% (v/v) 
glycerol, 0.5% (v/v) 2-mercaptoethanol]. The kinase (attached 
to the beads) was then used to label 1 mg of pure MBP-C-Napl 
in 1 ml of reaction buffer containing 10 mM MgCl, 100 uM 
["P]yATP, 150 mM NaCl and 20 4M microcystin YR. After 
incubation at 30 °C for 2 h, NaCl was added to 0.5 M and incu- 
bation continued for 10 min. The beads were then pelleted by 
centrifugation (6000 g, 1 min) and the supernatant loaded onto a 
20 x 1 cm G50 superfine column equilibrated in reaction buffer. 
Fractions were collected and the peak of radiolabelled protein 
stored frozen at —20 °C. The specific activity of the [у-%РЈАТР 
used for phosphorylations was 1000 c.p.m./pmol. Protein phos- 
phatase assays were performed as described in [37,38] using 
phosphorylase (10 2М or 2.7 uM) or С-М№ар-1 (2.7 uM). 
Immunoprecipitation phosphatase assays were performed in a 
similar manner, except that a shaking incubator was used. One 
unit of phosphatase activity was that amount of enzyme that 
catalysed the release of 1 umol [**P]phosphate/min from ["*P]- 
labelled substrate in the standard assay 
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Figure 1 Co-sedimentation of GST-Nek2 with PP1 


(А) Soluble protein (10 д9) from lysates of 293 cells overexpressing GST (lane 1), GST-Nek2 
(lane 2), GST-Nek2KD (lane 3) and GST—Nek2NB (lane 4) was separated by SDS/PAGE, 
transferred onto a nitrocellulose membrane and then probed with antl-GST antibody. (B—D) Cell 
extracts as in (A), containing 1 mg of soluble protein, were precleared with 10 jd of Protein 
G~Sapharose and then incubated for 1 h at 4 °C with 10 ді of GSH—Sepharose (B) or 10 al 
of anli-PP1 antibody linked to Protein G-Sepharose (C,D) The Sepharose beads were washed 
four times with lysis buffer and the bound proteins eluted with SDS/PAGE loading buffer and 
separated by SDS/PAGE (B) Immunoblotting was performed with anti-PP1 antibody (bottom 
pannel) and then, after stripping, the filter was reprobed with anti-Nek2 antibody (top panel) 
Immunoblotting was performed with anti-Nek2 antibody (C) and then, after stripping, with anti- 
PP1 antibody (D) The posrtions of the standard (Amersham Rainbow) marker proteins, myosin 
(220 kDa), glycogen phosphorylase (97 kDa), BSA (66 kDa), ovalbumin (46 kDa) and carbonic 
anhydrass (30 kDa) are indicated. Arrows mark the positions of the relevant proteins 
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RESULTS 
Identification of Nek2 as a PP1-binding subunit 


In order to identify proteins capable of interacting with PPI, а 
yeast two-hybrid screen was performed with PPly, as bait 
[29,39]. One of ten positive clones identified from a human B 
lymphocyte library contained a cDNA, termed PP1HS, that was 
found to encode the C-terminal region of the protein kinase 
Nek2 PP1H5 comprised 1294 bp, which encoded amino acids 
227-445 and encompassed the entire 3’ untranslated region of 
Nek2. The sequence was identical with that reported previously 
[25]. The binding of the C-terminal region of Nek2 to РРІ was 
confirmed by co-immunoprecipitation of bacterially expressed 
GST-PPIHS with bacterially expressed epitope-tagged PPly, 
(results not shown). 

Full-length Nek2 (amino acids 1-445) was transiently ex- 
pressed in 293 cells as a GST fusion protein (Figure 1A) 
The binding of Nek2 to PP1 was shown by sedimentation of 
GST-Nek2 followed by immunodetection of PPI in the pellet 
(Figure 1B). Immunoprecipitation of PP! followed by immuno- 
detection of the GST-Nek2 fusion protein ın the PP] immu- 
noprecipitates using anti-Nek2 antibody (Figure 1C) or anti- 
GST antibody (results not shown) confirmed the specificity of the 
Nek2-PP1 interaction. The band detected in lane 2 of Figure 1 
(A, B and C) has an apparent molecular mass of 73 kDa, as 
expected for the fusion of Nek2 (47 kDa) and GST (26 kDa). 
This band cannot be seen in lane 1 of the same Figures, which 
contain the extract of cells transfected with pEBG-2T vector 
expressing only GST. The results indicate that the binding of 
GST-Nek?2 to РР1 is caused by the interaction of Nek2 with PP! 
and not by an interaction of GST with PPI. 


The phenylalanine in the -(А/КҚУЛ)ХЕ- motif of Nek2 Is essential 
for binding to PP1 


The kinase domain of Nek2 encompasses the N-terminal 271 
amino acids of Nek2, while the C-terminal region is non-catalytic. 
This region contains the sequence КУНЕ, at position 383—386, 
that conforms to the consensus sequence -(R/K)(V/DXF- for 
binding of many regulatory subunits to PP1 [17]. We therefore 
sought to determine whether the sequence K VHF was responsible 
for the binding of Nek2 to PP1 by mutating phenylalanine-386 to 
alanine. Transient transfection of the construct pEBG-Nek2NB 
(non-binding), which encodes the mutation F386A, resulted in 
the expression of GST-Nek2NB as detected by immunoblotting 
(Figure 1À, lane 4). In contrast to the results with wild-type 
Nek2 (Figure ІС, lane 2), no binding of GST-Nek2NB to РРІ 
could be detected on immunoprecipitation of PPI (Figure IC, 
lane 4). Figure 1(D) shows that an equal amount of PPI was 
precipitated from all lysates with anti-PP1 antibodies. No binding 
of GST-Nek2NB to PP1 was detected by pelleting GST-Nek2NB 
with glutathione beads followed by immunoblotting with PPI 
antibodies (Figure 1B, lane 4). Although it is possible that the 
lack of co-sedimentation of GST-Nek2NB with PP1 could be 
caused by a conformational change in GST-Nek2NB, this is 
unlikely because the latter still retains its protein kinase activity 
(see Figure 3C and Figure 4). A catalytically inactive Nek2 
mutant, termed GST-Nek2KD (kinase dead), in which lysine-37 
had been changed to arginine, resulted in loss of Nek2 activity 
[26]. As expected, loss of kinase activity did not result in loss of 
PP1 binding (Figure 1B, lane 3 and Figure ІС, lane 3). The 
slightly lower levels of GST-Nek2K D compared with GST—Nek2 
sedimented with PP1 are explained by the lower expression level 
of GST-Nek2K D compared with GST—Nek2 after transfection of 
the cells with equal amounts of each construct (Figure 1À). In 
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Figure 2 Identification of endogenous Nek2 and Nek2—PP1 complex 


(A) Aliquots (200 ug) of protein from 293 cell extracts (non-transfected) were precleared with 
preimmune IgG beads, then incubated with ethar anti-Nek2 beads (lane 1) or pre-immune IgG 
beads (lane 2) The beads were washed with lysis buffer and the bound proteins separated by 
SDS/10% PAGE After transfer to nitrocellulose, the Nek2 (47 kDa) was detected with 
brobnylated ant-Nek2 followed by avidin—horseradish peroxidase Lane 3, Nek2 controls 
10 ng, 1 ng and 01 ng of GST—Nek2 An unknown protein of lower molecular mass is detected 
in both lanes 1 and 2 (B) Phosphatase assays on Nek2-immunopreciprates A 100 др aliquot 
of protein from 293 cell extracts (non-transfected) was precleared with preimmune IgG beads, 
then incubated with pre-immune IgG or anti-Nek2 beads The beads were washed with lysis 
buffer, then the bound phosphatase actly assayed using [*P}Jabelled phosphorylase as 
substrate 1, Pre-immune beads, 2, antl-Nek2 beads; 3, anti-Nek2 plus 100 nM inhibitor-2 The 
[22Р] released trom the substrate was measured after extraction with molybdate [38] to ensure 
that the product of the reaction was P, and not phosphopeptides released by proteinases present 
in the Nek? immunoprecipitates. 


addition, phosphatase activity was consistently associated with 


*" ^ GST-Nek2 and GST-Nek2KD bound to GSH-Sepharose, but 


not with GST-Nek2NB or GST (results not shown). 


Interaction of the endogenous Nek2 and PP1 proteins 


In order to investigate whether a complex 15 formed between 
endogenous Nek2 and PP1, we immunoprecipitated Nek2 from 
293 cell extracts using anti-Nek2. Since the Nek2 protein and 
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Figure 3 Protein kinase activities of GST fusion proteins towards caseln 
(A), PP1 (B) and C-Nap1 (С) 


Extracts containing 1 mg of soluble protein from 293 cells overexpressing GST, GST—Nek2KD 
(KD), GST-Nek2 (Nek2) and GST-Nek2NB (NB) were incubated with 10 ul of GSH—Sepharose 
at 4 °C for 1h After sedimentation and washing of the GSH--Sepharose pellets, the associated 
kinase activity was assayed in the presence of casein, PP1 or MBP—C-Nap1 as described in 
the Materials and methods section The reactons were stopped by boiling in 10 jl of 
6 x SDS/PAGE loading butter Proteins were separated on SDS/PAGE, the gels stained with 
Coomassie Blue, dned, and phosphorylated proteins detected by autoradiography For (А) and 
(B), the positions of the standard marker proteins, indicated on the night, are as listed in Figure 
1 For (6), the marker proteins are myosin (212 kDa), a-2-macraglobulin (170 kDa), p- 
galactosidase (116 kDa), transferrin (76 kDa) and glutamate dehydrogenase (53 kDa) Arrows 
mark the postions of the relevant proteins 


IgG heavy chain migrate similarly on SDS/PAGE, detection of 
the precipitated protein required use of biotinylated anti-Nek2 
followed by avidin-horseradish peroxidase. Figure 2(A) shows 
that the Nek2 protein is bound specifically by the anti-Nek2 
antibody (lane 1) and not pre-immune IgG (lane 2), but only 
approx. 1 ng of Nek2 protein was recovered from 200 ug of 
protein ın 293 cell extracts. Lack of detection of Nek2 on 
immunoblots of whole cell lysates (results not shown) also 
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suggested the level of Nek2 in the cell may be very low and would 
preclude detection of any associated PP1 by immunoblotting. 
We therefore assayed the Nek2 immunoprecipitates to detect the 
PP1 bound to Nek2 Figure 2(B) shows that significant phos- 
phatase activity was present within the anti-Nek2 immuno- 
precipitate This activity was blocked by inhibitor-2, a specific 
inhibitor of protein phosphatase 1 that does not inhibit other 
protein serine/threonine phosphatases, demonstrating that the 
activity was PPI. 


GST—Nek2 undergoes autophosphorylation and can phosphorylate 
casein, PP1, myelin basic protein and C-Nap1 


For all assays of Nek2 most of the bound PP1 was removed by 
washing the GSH-Sepharose pellets in buffer containing 0.5 M 
NaCl. GST-Nek2 was able to phosphorylate casein, РРІ, 
C-Napl (Figure 3) and myelin basic protein (Figure 4A). As 
expected no activity could be detected 1n the precipitates from 
cells expressing GST-Nek2K D or GST. Figure 3(À) shows the 
autoradiograph of the components of a protein kinase assay 
separated on SDS/PAGE when casein was used as substrate. 
The upper band (73 kDa) is the expected size for GST~Nek2, 
and is phosphorylated. No band of the same size can be seen 
where GST-Nek2KD was assayed, indicating that the phos- 
phorylation of GST-Nek2 resulted from autophosphorylation, 
rather than phosphorylation by traces of a contaminating kinase 
present in the assay. The position of the lower phosphorylated 
band corresponded to casein. Lack of casein kinase activity in 
GSH-Sepharose pellets from extracts expressing GST or GST- 
Nek2K D indicated that the phosphorylation of casein was also 
catalysed by Nek2 kinase, and that no other kinases capable of 
phosphorylating casein are present in the GST-Nek2K D pellet. 
Figure 3(B) shows that in the presence of the phosphatase 
inhibitor okadaic acid, PP! could also be phosphorylated 
by GST-Nek2, but not by GST-Nek2KD. Again, the **P- 
labelled GST—Nek2 was consistently seen only in the GST~Nek2 
and not in the GST-Nek2K D or GST assays. No phosphorylated 
bands (Nek2 or PP1) were seen in the absence of okadaic acid 
when PP1 was the substrate (results not shown). 

Since C-Napl has been reported to be a protein that not only 
binds to Nek2 but also may be an in vivo substrate for this kinase 
[28], we examined the phosphorylation of a C-terminal fragment 
of C-Napl (amino acids 1851—2442) by the Nek2 proteins 
Figure 3(C) shows that in the absence of PPI inhibitors, C-Napl 
can be phosphorylated by GST-Nek2, but notby GST-Nek2KD. 
GST-Nek2NB had an enhanced activity towards C-Napl com- 
pared with that of GST—Nek2, presumably because dephos- 
phorylation by Nek2-bound PP1 was eliminated. 

GST-Nek2 and GST-Nek2NB, but not GST-Nek2K D, were 
also capable of phosphorylating myelin basic protein (Figure 
4A). The activities of both GST-Nek2 and GST-Nek2NB were 
substantially 1ncreased when the protein serine/threonine phos- 
phatase inhibitor, microcystin, was included in the cell lysis 
buffer. One interpretation of these results is that serine/threonine 
autophosphorylation of Nek2 leads to an increase in the protein 
kinase activity of Nek2. The fact that there was an approx. 3-fold 
increase in GST—Nek2 activity and a less than 2-fold increase in 
GST-Nek2NB activity in the presence of microcystin suggests 
that PP1 bound to GST-Nek2 is responsible, at least in part, for 
the dephosphorylation and partial inactivation of GST-Nek2. 
Figure 4(B) shows that GST-Nek2NB (lane 5) and a component 
of GST-Nek2 (lane 1) have a reduced electrophoretic mobility 
compared with GST-Nek2K D (lane 3), consistent with auto- 
phosphorylation of GST-Nek2 and GST-Nek2NB. In the pres- 
ence of microcystin the mobility of GST~Nek2 (Figure 4, lane 2) 
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Figure 4 Protein kinase activities of GST—Nek2 fusion proteins using 
myslin basic protein as substrate 


(A) Cell extracts containing 10 zg of soluble protein from 293 cells overexpressing GST-Nek2 
(lanes 1 and 2), GST—Nek2KD (lanes 3 and 4) and GST-Nek2NB (lanes 5 and 6), prepared 
with lysis buffer without microcystin (MC) (lanes 1, 3 and 5) or containing microcystin (lanes 
2, 4 and 6) were incubated with 10 z! of GSH--Sepharose for 1 hat 4 °C After sedimentation 
and washing of tha GSH—Sepharose pellets, the assoctated kinase activity was assayed by 
counting [P]ATP incorporated into myslin basic protein The data are presented as 
means +S EM for two separate expanments with each determinabon carned out in duplicate 
(B) A 10 ug aliquot of the same cell extracts was separated on 7 5% PAGE and immunoblotting 
was performed with anti-Nek2 antibody 


and GST-Nek2NB (lane 6) is further decreased, consistent with 
additional phosphorylation underlymg the increase in activity. 
Addition of excess PP1 to the lysates resulted in shifting the 
mobility of GST—Nek2 in lanes 1, 2, 5 and 6 (Figure 4) to that 
seen in lanes 3 and 4, consistent with the mobihty shift being due 
to phosphorylation (results not shown). 


incubation of Nek2 with PP1 causes a reduction of Nek2 activity 


In order to examine whether Nek2 activity could be altered by 
РР1, GST-Nek2 was incubated with or without bacterially 


expressed PP1 or with microcystin-inactivated PP1, prior to - 


being subjected to protein kinase assays. Incubation of Nek2 
with an equimolar amount of PP] caused approx. 65 % inhibition 
of Nek2 activity in 2 min, but no further inhibition with longer 
incubation times (Figure 5). However, Nek2 inhibition could be 
further enhanced if the concentration of PP] was increased 
(results not shown). Incubation of GST-Nek2 with microcystin- 
inactivated PP1 had no effect on Nek2 activity. 
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Figure 5 Effect of PP1 on the myelin basic protein kinase activity of Nek2 


Assays were performed using GST—-Nek2 eluted from GSH-Sepharose and myelin basic protein 
as substrate Prior to the kinase assay, GST-Nek2 was incubated at 30 °C with active PP1 (0) 
ог microcystin-mactivated PP1 (<>) for varying times. The Incubation with active PP1 was then 
stopped by adding 5 М microcystin The ratio of Nek2/PP1 was equimolar as judged by 
Coomassie-stained PAGE Kinase assays were carried out as described in the Materials and 
methods secton Microcystin-inactivated PPI was prepared by incubation of PPI with 
microcystin for 10 min at 30°C The complete inactivation was confirmed by protein 
phosphatase assay using [“P] phosphorylase as substrate 


Phosphorylation of PP1y on two threonine residues by Nek2 
reduces its phosphatase activity /n vitro 


Since РР1 could be phosphorylated by Nek2, we sought to 
investigate whether the enzymic activity of PPl was changed 
upon phosphorylation. Addressing this problem is not stra- 
ightforward. First, if PP] and Nek2 were added together, Nek2 
activity was reduced (Figure 5). Secondly, PP1 could auto- 
dephosphorylate itself after being phosphorylated by Nek2. In 
order to partially resolve these problems, the molar ratio of 
Nek2/PP1 was maintained at a high level (> 3:1) and the assay 
was performed with adenosine 5’-[y-thio]triphosphate (ATP[S]) 
instead of ATP, since ATP[S] can be used as a substrate by 
kinases, but the thiophosphate is resistant to dephosphorylation 
by protein phosphatases. Under these experimental conditions, 
the enzymic activity of PP1 was found to be reduced by approx. 
30% after incubation with Nek2 and Mg**-ATP{S], compared 
with controls in which either Nek2 or ATP[S] were excluded 
(Figure 6). Since this result could be achieved only with ATP{S], 
autodephosphorylation of PP1 must occur after it 1s phos- 
phorylated by Nek2 using ATP 

Due to autodephosphorylation, active PP1 could not be used 
to determine phosphorylation sites. Also, PPly, inactivated by 
okadaic acid (Figure 3B) was not phosphorylated to a sufficient 
level to identify the phosphorylation sites. We therefore mutated 


zr’ the PP1y, catalytic subunit at histidine-125. This residue acts as 


a general acid in the proposed catalytic mechanism of PP1 [40] 
and its mutation to alanine would be expected to dramatically 
reduce catalytic activity. Soluble PP1ly(H125A) protein was 
expressed, demonstrating that the mutation does not result in 
denaturation of the protein and, when assayed against ?*P- 
labelled phosphorylase in the standard phosphatase assay, 
Showed essentially no activity (results not shown) Phos- 
phorylation by Nek2 followed by matrix-assisted laser desorption 
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Figure 6 Effect of Nek2 on the phosphatase activity of PP1 


GSH--Sepharose beads incubated with cell extracts (containing 2 44M microcystin) from control 
293 cells or 293 cells overexpressing GST~Nek2 were washed twice with lysis buffer containing 
05 M NaCl, once with lysis buffer and once In 50 mM Tns/HCl, pH 7 5 Phosphorylahon 
reactions were carried out for 60 min at 30 °C in 40 gd containing 50 mM Tns/HC (pH 7 5), 
10 mM MgCl, 1 mM dithiothreitol, and 01 mM АТР[5], with PP1 being included at 3 ug/ml 
Phosphatase assays were then performed immediately using 20 ul of (P] phosphorylase (final 
concentration 10 М) Protein phosphatase activity was plotted as a percentage of the activity 
observed when GSH—Sepharose beads were incubated with the extract from contro! 293 cells, 
PP1 being included at 3 до/ті The dala are presented as the means -F S E M for two separate 
experiments with each determination carried out in duplicata. 


ionizzation-time-of-fhght MS and solid-phase sequencing re- 
vealed that this protein is phosphorylated on two C-terminal 
threonines. Threonine-307 and -318 appear to be equally well 
phosphorylated by Nek2 under the conditions used and a 
stoichiometry of approx. 2 moles phosphate/mol PPly was 
obtained. The consensus sequence for these two Nek2 phos- 
phorylation sites ıs (R/K)XX(A/D(phosphoT)(R/K) and sup- 
ports previous studies using peptide substrates, which suggested 
that basic residues may contribute to substrate recognition by 
Nek2 [26]. Although PPla and PP17 do not contain homologous 
serine/threonine residues to threonine-307, PPla contains 
a serine residue and PP1f# contains a threonine residue hom- 
ologous to PPly threonine-318, with basic residues in the sur- 
rounding sequence. Nek2 was previously shown to phosphorylate 
serine residues in peptides and proteins [26]. We also found that 
MBP-C-Napl 1s an excellent substrate for Nek2. Approx. 13 
moles of phosphate were incorporated/mol of C-Napl by Nek2 
(results not shown). 


Nek2, PP1« and C-Nap1 form a ternary complex /n vitro 


In order to ascertain whether Nek2, PP1a and C-Napl can form 
a ternary complex we performed amylose resin affinity binding 
experiments with GST—Nek2 variants, MBP-C-Napl and PP1a. 
Amylose resin has a high affinity for MBP, but no affinity for 
GST. Hence any complex containing GST-Nek2, MBP-C-Napi 
and PPla must represent a ternary complex and not separate 
dimeric complexes. Figure 7 shows that all three proteins 
are present in the pellet when GST—Nek2 or GST-Nek2KD are 
used, confirming the presence of a ternary complex. However, 
the PPla is not present when either GST-Nek2NB or GST are 
used. All three versions of the GST—Nek?2 protein are recovered 
in the pellet, demonstrating that they can all bind to C-Nap1 and 
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Figure 7 Co-sedimentation of Nek2, C-Nap1 and PP1. 


293 celis were transfected with the Nek2 constructs indicated A 200 ug portion of protein from 
each cell extract was incubated with 2 ug of MBP—C-Napt, 2 ду PPla and amylose resin 
The beads were washed and bound proteins separated on either 7 5% acrylamide (for С-Марі 
and Nek? blots) or 10% acrylamide (for PP1 blots) SDS/PAGE After transfer to nitrocellulose, 
the blots were incubated with the indicated antibodies and proteins visualized by ECL® (A) Ant 
C-Nap1 , (B) ant-Nek2, (C) anti-PP1-y іп all panels lane 1, GST—Nek2, lane 2, GST—NeK2KD, 
lane 3, GST-Nek2NB, lane 4, GST only Size markers are in kDa 
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Figure 8 Characterization of Nek2-PP1 phosphatase activity 


A 100 ug portion of 293 cell extract (non-transfected) was incubated with presammune IgG or 
anti-Nek2 beads. The beads were washed with lysis buffer, then the bound phosphatase achvity 
measured 1 and 5, pre-immune beads, 2 and 6, ant-Nek2 beads, 3 and 7, anti-Nek? beads 
plus 1 uM peptide 294 (GKRTNLRKTGSERIAMGMRVKEFNPLALLLDSC), 4 and 8, anti-Nek2 
beads plus 1 uM control peptide 575 (GKRTNLRKTGSERIAMGMRVKANPLALLLDSC) The 
PPi-bnding moti is underlined Bars 1—4 were assayed using ['*P]phosphorylase as 
substrate (final concentraton 27 uM) and bars 5-8 used phosphorylated MBP—C-Napt 
as substrate (final concentration 27 ИМ) Actrity (after molybdate extraction) is stated as 
m-units x 1073/mg of protein in the extract 


that the PP1a 1s recovered in the pellet only because of its ability 
to bind to Nek2. The slightly lower level of GST-Nek2K D seen 
in the pellet fraction compared with the other tracks probably 
explains the slightly reduced amount of PP1« seen ın this track. 
The mobilities of the GST—Nek2 variants are in accordance with 
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those in Figure 4. Consistent with being a multiply phos- 
phorylated substrate of Nek2 (see earlier), MBP—C-Napl shows 
a large decrease 1n mobility (approx. 20 kDa) in the presence 
of GST-Nek2NB compared with unphosphorylated C-Napl in 
the GST-Nek2K D and GST incubations. 


Nek2-PP1 dephosphorylates C-Nap1 


Immunoprecipitation of the endogenous Nek2-PP1 from 293 
cell lysates using the anti-Nek2 antibody allowed us to test 
whether C-Napl phosphorylated by Nek2 could be dephos- 
phorylated by the Nek2-PP1 complex, as suggested by the 
results in Figure 7(A). Assays using C-Napl as substrate and 
Nek2-PP1 immunoprecipitates as the source of phosphatase are 
compared with parallel assays with phosphorylase as substrate. 
Figure 8 shows that the Nek2-PP1 complex has an approx. 2- 
fold higher activity towards C-Napl1 than phosphorylase. The 
influence of Nek2 on the phosphatase activity was assessed by 
prior incubation of the PP1-Nek2 complex with peptide-294 
(amino acids 773-810 of 53BP2), which has previously been 
shown to disrupt targetting subunit-PP1 complexes and, in 
many cases, to relieve inhibition of phosphorylase phosphatase 
activity caused by the targetting subunit [4] The activity towards 
phosphorylase was dramatically increased by prior incubation of 
PPI~Nek2 with peptide-294, while the control peptide-575, 
mutated 1n the PP1 binding site, had no effect. When C-Napl 
protein was used as substrate, addition of peptide-294 caused 
only a slight increase in phosphatase activity and the control 
peptide-575 again had no effect. These results indicate that 
binding of PPI to Nek2 suppresses the phosphorylase phos- 
phatase activity, resulting in a large increase in the C-Napl/ 
phosphorylase phosphatase activity ratio. 


DISCUSSION 


Although many proteins have been identified at centrosomes, the 
molecular mechanisms underlying the regulation of centro- 
some function are unclear. The processes by which centrosomes 
duplicate, nucleate microtubules and separate at mitosis to form 
the spindle poles all require elucidation. The protein serine/ 
threonine kinase, Nek2, which exhibits predominant local- 
ization at centrosomes and causes splitting or dispersal of 
centrosomes when overexpressed [27], is shown here to form a 
complex with the protein serine/threonine phosphatase PP1. We 
demonstrate that the Nek2—PP1 complex occurs both i vitro, 
using bacterially expressed proteins, and in cell extracts through 
the motif КУНЕ at position 383—386 of Nek2, a sequence that 
conforms to the known PP1 consensus binding motif. Nek2 
activity is not necessary for the formation of the Nek2-PPI 
complex. We also demonstrate that at least two distinct isoforms 
of PP1 (PPla and PPly,) can interact with Nek2. Interestingly, 
PPl1a« has recently been reported to show a marked localization 
at centrosomes during mitosis [41] These data point to a 
phosphorylation-dephosphorylation cycle catalysed by the 
Nek2-PP1 complex being important in centrosome function and 
most probably in centrosome separation. Other isoforms of 
mammalian NIMA-related kinases, namely Nek! and Nek3, do 
not possess a consensus PP1-binding motif and there is no PPI- 
binding motif in A. nidulans NIMA that conforms to the 
mammalian or yeast consensus PP1-binding motifs [17]. 
Several kinase-phosphatase complexes have been postulated 
to mediate cellular signals, such as calmodulin kinase IV-PP2A 
[42] and extracellular-signal-regulated kinase 2/muitogen-acti- 
vated protein kinase phosphatase 3 [43] Complex formation 
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localizes both enzymes to a specific substrate and tight regulation 
of the kinase by the phosphatase and vice versa can explain how 
a kinase can be activated transiently in response to an extra- 
cellular signal. However, there is no evidence for an upstream 
kinase activating Nek2. Fry et al. [26] showed that the levels of 
Nek2 protein changed during the cell cycle, being high throughout 
S and G, phases and low during other phases of the cell cycle. 
We have demonstrated here that Nek2 is activated by auto- 
phosphorylation and that this activation can be at least partially 
reversed by PP1. The kinase activity of Nek2 may only become 
effective on exogenous substrates when its activity outstrips that 
of РР], at which point it may also partially inhibit PP1 
by phosphorylation. Once the activity of Nek2 falls below 
that required to inhibit PPI, the rise in PPI activity would 
very rapidly dephosphorylate and switch off Nek2 activity. Such 
rapid molecular switching, proposed for kinase-phosphatase 
complexes involved in signalling, may be relevant here to rapidly 
and transiently switch on centrosome separation. 

One possible mechanism by which the Nek2-PP1 complex 
could function is that Nek2 may phosphorylate a substrate 
protein and this is then followed by dephosphorylation of the 
substrate protein by PP1. Successive cycles of phosphorylation 
and dephosphorylation could result in centrosome separation in 
a process similar to muscle contraction. A more likely alternative 
1s that phosphorylation of a substrate protein by Nek2 may allow 
centrosomes to move apart, and that РР! may prevent the newly 
formed centrioles from separating until the G,/M transition. A 
putative ın vivo substrate is C-Napl, previously shown to bind 
to Nek2 and to undergo phosphorylation in vitro [28]. Whereas 
Nek2 [27] and PPla [41] localize to centrosomes in both 
interphase and mitosis, C-Napl was found to localize to centro- 
somes during interphase, but anti-C-NapI antibody interaction 
at centrosomes diminished at the onset of prophase and was lost 
during mitosis. C-Napl, a protein with coiled coil structure, was 
therefore postulated to tether the proximal ends of centrioles 
together during interphase, and phosphorylation of C-Napl by 
Nek2 at G,/M to cause depolymerization or degradation of C- 
Napl and thus centnole separation [28]. Our results support the 
idea that C-Nap1, Nek2 and PP1 could be involved in centrosome 
separation. We show that C-Napl is an in vitro substrate for both 
Nek2 and PP1 that ıs bound to Nek2. Additionally all three 
proteins can form a ternary complex in vitro. The very high level 
of phosphorylation on the C-terminal 592 amino acids of C- 
Napl could represent a method to facilitate centrosome sepa- 
ration through either a conformational change or a surface 
charge effect. 

Assays comparing C-Napl and phosphorylase as substrates 
for the Nek2—PP1 complex showed that the phosphatase activity 
towards C-Napl was higher than towards phosphorylase. Addi- 
tion of a peptide (294) that should disrupt the interaction of PP1 
with Nek2, caused the phosphorylase phosphatase activity to 
increase approx. 7-fold, while there was only a marginal effect of 
the C-Napl phosphatase activity. These results indicate that 
PPlc has a much higher activity towards phosphorylase than 
C-Napl. Binding of PP1c to Nek2 suppresses the phosphoryl- 
ase phosphatase activity, while having little effect on the 
C-Napl phosphatase activity, an effect consistent with Nek2 
being a regulatory subunit for PP1. Thus the interaction of PPlc 
with Nek2 increases PP1c specificity for C-Napl by enhancing 
the C-Napl/phosphorylase phosphatase activity ratio. Com- 
bined with the highly specific location of Nek2 at the centrosome, 
this may minimize dephosphorylation of irrelevant substrates by 
the Nek2-PP1 complex. 

Overexpression of active Nek2 in mammalian cells was shown 
to 1nitially induce centrosome splitting, while more prolonged 


overexpression of active Nek2 led to dispersal of centrosomal 
material, as did overexpression of inactive Nek2 at all time 
points [27]. We found that overexpression of Nek2 mutated in 
the PP1-binding site (GST-Nek2NB) in a human fibroblast cell 
line (MCF7) also caused centrosome dispersal at even the earliest 
time points we could examine (results not shown). However, the 
kinase activity of Nek2NB is likely to be higher than that of 
Nek2 due to the absence of bound PPI, which would inhibit 
autophosphorylation. Consequently, overexpression of Nek2NB 
might be expected to cause more rapid centrosome dispersal than 
the overexpression of Nek2. In the light of our finding that Nek2 
binds PP1, overexpression of Nek2K D might cause centrosomal 
dispersal because it brings to the centrosome active PPI that, in 
excess, might interfere with many phosphorylation reactions. 

Since centrosome separation must be coordinated with other 
cell cycle events it is likely that proteins regulating the Nck2-PP1 
switch will be involved 1n initiating other aspects of cell division. 
Although, р34°%°% has been shown to phosphorylate further and 
activate A. nidulans NIMA subsequent to autophosphorylation 
[23], there is no evidence for p34**** activation of mammalian 
Nek2. However, it has been shown that both p34*?*-cyclinA and 
p34*1c-cyclinB are able to phosphorylate and inactivate РР1 on 
threonine-320 and the homologous threonine-311 in PPly, [44]. 
This site is distinct from the sites (threonine-307 and threonine- 
318) on PP1y, that are phosphorylated by Nek2. Phosphorylation 
of РР] by p34*** would enhance the ability of Nek2 to 
autophosphorylate and, consequently, to phosphorylate its target 
substrates such as C-Napl. Furthermore, it has been shown that 
peak РРІ phosphorylation occurs at the G,/M phase of the cell 
cycle [45]. This coincides with centrosome separation and a peak 
in Nek2 kinase activity [26]. À possible mechanism whereby the 
initiation of mitosis is coupled to centrosome separation at 
G,-M is that p34**** phosphorylates and inactivates PP1, thereby 
allowing Nek2 kinase to phosphorylate the C-Napl protein thus 
causing centrosome separation. However, other kinases activated 
at G,/M with similar substrate specificities, such as polo-like 
kinases [46], could have the same effect on PP1. We are currently 
attempting to test this hypothesis by studying the effect of 
phosphorylation by p34%-cyclinA and p34°*?-cyclinB and 
polo-like kinases on PP1 activity of the endogenous Nek2/PP1 
complex. 

While this paper was under review, Uto and Sagata [47] 
showed that Xenopus Nek2B, an alternatively spliced form of 
Nek2, is required for the assembly and/or maintenance of 
centrosomes in early Xenopus embryos in which centrosome 
cycles can occur autonomously. Interestingly, Nek2B does not 
contain the PP1-binding site that we identify here, an observation 
that may explain why Nek2B, 1n contrast with Nek2, does not 
cause centrosome splitting and functions at a time when the 
centrosome cycle is not coupled to nuclear events. 
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Changes in the kinetics and regulation of oxidative phosphory- 
lation were characterized 1n isolated rat liver mitochondria after 
2 months of ethanol consumption. Mitochondrial energy 
metabolism was conceptually divided into three groups of 
reactions, either producing protonmotive force (Ap) (the res- 
piratory subsystem) or consuming it (the phosphorylation sub- 
system and the proton leak). Manifestation of ethanol-induced 
mitochondrial malfunctioning of the respiratory subsystem was 
observed with various substrates; the respiration rate in State 3 
was inhibited by 27 +4% with succinate plus amytal, by 20 +4 % 
with glutamate plus malate, and by 17+2% with N,N,N',N'- 
tetramethyl-p-phenylenediamine/ascorbate. The inhibition of the 
respiratory activity correlated with the lower activities of cyto- 
chrome c oxidase, the bc, complex, and the ATP synthase in 
mitochondria of ethanol-fed rats. The block of reactions con- 
suming the Ap to produce ATP (the phosphorylating subsystem) 


was suppressed after 2 months of ethanol feeding, whereas the 
mitochondrial proton leak was not affected. The contributions 
of Ap supply (the respiratory subsystem) and Ap demand 
(the phosphorylation and the proton leak) to the control of the 
respiratory flux were quantified as the control coefficients of 
these subsystems. In State 3, the distribution of control exerted 
by different reaction blocks over respiratory flux was not 
significantly affected by ethanol diet, despite the marked changes 
in the kinetics of individual functional units of mitochondrial 
oxidative phosphorylation This suggests the operation of com- 
pensatory mechanisms, when control redistributes among the 
different components within the same subsystem. 


Key words: control coefficient, kinetic response, top-down 
control analysis. 





INTRODUCTION 


Chronic intake of large quantities of ethanol is associated with 
marked alterations in mitochondrial structure and function, 
both in humans and ın experimental animals (reviewed in [1—4]). 
Abnormalities in mitochondrial morphology, e.g. deformed and 
enlarged mitochondria, often with paracrystalline inclusions, are 
evident in liver, muscle and other tissues. The most prominent 
site of ethanol-induced mitochondrial changes is the liver. Early 
studies [5,6] established that liver mitochondria isolated from 
rats fed an ethanol-containing diet for 3—5 weeks exhibited a 
decrease in NAD-linked respiration, both under conditions of 
active respiration (State 3, defined as the mitochondrial state 1n 
which ADP supply is saturating and excess substrate and P, are 
available) and in uncoupled mitochondria. Subsequent studies 
(reviewed in [2]) demonstrated that these effects had their origin 
in a decrease in the activity of select components of the oxidative 
phosphorylation machinery, notably NADH dehydrogenase, 
cytochrome b, cytochrome oxidase and ATP synthase Since all 
of these protein complexes contain one or more subunits encoded 
by mitochondrial DNA, a defect in mitochondrial protein 
synthesis may account, at least in part, for these altered activities, 
and there is evidence that the effects of chronic ethanol treatment 
may be due to dysfunctional mitochondrial ribosomes [7,8]. 
However, other mechanisms may contribute to the changes in 
electron transport and ATP synthase activity, e g. the accumu- 
lation of dysfunctional proteins in the form of acetaldehyde 


adducts or through damage by free radical species, or changes in 
membrane structure associated with altered properties of mito- 
chondrial cardiolipin [4]. By contrast, isolated mitochondria 
from heart, skeletal muscle and brain show less evidence of 
defects in these pathways [1,3,9,10]. The progression of ultra- 
structural changes in the heart is slower than in the liver, and the 
onset of biochemical alterations is much later. 

Despite many studies indicating effects of chronic alcoholism 
on various mitochondrial enzyme activities, there is as yet neither 
a clear picture of the relative 1mportance of such changes for 
overall mitochondrial respiration, nor a quantitative assessment 
of alterations in the kinetic responses and regulation. In the 
present paper, we investigate the effect of chronic ethanol 
treatment using an analysis known as 'top-down' metabolic 
control analysis (reviewed in [11,12]). In this context, the oxidative 
phosphorylation system is conceptually divided into three sub- 
systems, either producing or consuming the protonmotive force 
(Ap). Ap is generated by the respiratory subsystem (R), which 
includes the substrate transport systems in the inner membrane, 
the tricarboxylic acid cycle enzymes and substrate dehydro- 
genases providing electrons to the respiratory chain, and the 
complexes of the electron transport chain. The remaining two 
blocks of reactions consume Ap: the phosphorylation subsystem 
(P) and the proton leak subsystem (L). The phosphorylation 
subsystem includes the phosphate transport systems, the ATP 
synthase, the adenine nucleotide translocator, and any reactions 
that may be present in the medium (or in the matrix) converting 


Abbreviations used Ap, protonmotive force; TMPD, N,N,N",N'"-tetramethyl-p-phenylenedramine, ТРР+, tetraphenylphosphonium 
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ATP into ADP. The proton leak unit represents uncoupled 
respiration (mainly the leak of protons across the mitochondnal 
membrane, but also any other non-phosphorylating ion fluxes 
that dissipate Ap) 

The present paper analyses the dependencies of the fluxes 
through the respiratory subsystem (7,), the phosphorylation 
subsystem (J,) and the proton leak pathways (Ј,) on Ap. Under 
conditions where changes in ApH can be negligible, the mito- 
chondrial membrane potential (АФ) may be considered instead 
of Ap. This simplification is valid as long as АФ is the major 
contributor to Ap, or there 1s a reasonably constant relationship 
between AY and ApH [13]. In applying top-down analysis to 
mitochondria from the ethanol-fed and control rats, the present 
paper investigates how the functional units of the system are 
affected by chronic ethanol treatment. 

In this work we quantified the changes in the kinetic responses 
of the functional units of the oxidative phosphorylation ma- 
chinery (the respiratory subsystem, proton leak and phosphory- 
lation subsystem) in rat liver mitochondria after 2 months of 
ethanol feeding, using different respiratory substrates: succinate, 
glutamate plus malate, and N,N,N',N'-tetramethyl-p-phenylene- 
diamine (TMPD) plus ascorbate. The oxidation of these sub- 
strates involves different mitochondrial enzymes, and the supply 
of reducing equivalents occurs at different levels of the electron 
transport chain. Using the plots of J,, Jp and J, versus АУ, we 
determine the control exerted by the suppliers and consumers of 
the Ap over mitochondrial respiration 1n ethanol-fed and control 
rats. Our results demonstrate that in rat liver mitochondna, 
a 2-month treatment with ethanol diet suppresses both the 
respiratory and phosphorylation subsystems, but to a different 
degree depending on the substrate used; proton leak was not 
affected. Remarkably, despite the changes in the activity of 
respiratory complexes in the mitochondria from ethanol-fed and 
control animals, there were no significant changes in the control 
distribution. 

We applied kinetic modelling ın order to understand why the 
control distribution does not change, despite marked alterations 
in the kinetics of individual functional units of oxidative phos- 
phorylation. Theoretical analysis demonstrated that simul- 
taneous depression of the supply and demand blocks, as found in 
ethanol-affected mitochondria, can occur without a significant 
change in the control distribution. Moreover, the depression of 
the activity of the individual components within the same block 
can cause the control redistribution among these components, 
even though the net control exerted by the block does not 
change. 


EXPERIMENTAL 


We used male Sprague-Dawley rats (275-300 g) which were 
pair-fed according to the protocol óf DeCarli and Lieber [14] for 
5—7 weeks, with ethanol-fed animals receiving a diet containing 
36% ethanol, and carbohydrate substituting for ethanol in the 
control diet. This dietary treatment results in a distinct pattern of 
changes 1n activity of respiratory chain components and ATP 
synthase, without causing overt liver disease [2]. 

Liver mitochondria were isolated in 5 mM Hepes (pH 7.4} 
buffered sucrose (0.25 M), containing 3 mM EGTA and 0.2% 
BSA (HMS medium), using standard differential centrifugation 
procedures. The pellet of the first low-speed centrifugation step 
was resuspended in HMS medium and recentrifuged to recover 
mitochondria retained in the low-speed pellet. The final wash of 
the mitochondrial pellet was in EGTA-free HMS medium. The 
mitochondrial pellet was resuspended in the same medium, 
protein was adjusted to 50 mg/ml, and the preparation was 
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stored on ice until use. Protein concentrations were determined 
by the biuret or Lowry methods. Previous studies have docu- 
mented exhaustively that the mitochondrial content of the liver, 
and the relative purity of mitochondria, are comparable in 
ethanol-fed and control rats following 5-8 weeks of feeding 
acording to the Lieber~DeCarli protocol [15—18]. 

Mitochondria were incubated at 30 °C in a closed, stirred and 
thermostated 1.5 ml glass vessel, fitted with both a Clark oxygen 
electrode (Rank Brothers, Cambmdge, U.K.) and а tetra- 
phenylphosphonium (TPPt}selective electrode (A. Zimkus, 
Vilnius, Lithuania). The incubation medium contained Hepes 
(20 mM, pH 7.4), KCI (50 mM), sucrose (200 mM), KH,PO, 
(3mM), EGTA (0.1 mM), MgCl, (1mM) and dithio- 
threitol (1 mM). TPP* (133-266 nM) was addded for membrane 
potential measurements Incubations were carried out under the 
following substrate conditions: 5 mM glutamate plus 5 mM 
malate, 5 mM. succinate (plus 1 mM amytal, used for technical 
reasons in preference to rotenone, since we had difficulty washing 
out the relatively hydrophobic rotenone from the TPP*-selective 
electrode, whereas the more polar amytal did not cause this 
problem.), ог 10 mM ascorbate plus 350 «М TMPD. Mito- 
chondrial protein was 0.5 mg/ml. The creatine kinase ADP- 
regenerating system (50 mM creatine, 1 mM ATP and 30 units/ 
ml creatine kinase to obtain State 3 conditions) was used 
to clamp the ATP/ADP ratio and to maintain stationary 
respiration rates. The creatine kinase system does not itself 
control respiration [19], but enables the ATP/ADP ratio to be 
clamped at different respiratory states throughout the range 
from State 4 (the mitochondrial state in which oxidative phos- 
phorylation is limited by lack of external ADP, but in the 
presence of ATP) to State 3. Control experiments demonstrated 
that the respiration rate was not limited by the amount of 
creatine kinase, therefore all control over respiration rate was 
exerted by mitochondrial enzymes. The rate of mitochondrial 
respiration corresponding to State 3 was registered after addition 
of 1 mM ATP to the incubation medium. The following inhibitor 
concentrations were used in titrations to establish the relationship 
of respiratory activities to membrane potential: 0.03-1 mM 
malonate, 1.3-10 nM rotenone, 5—75 uM KCN, and 15-150 nM 
carboxyatractyloside. 

The membrane potential of mitochondria was calculated from 
the distribution of TPP* using a binding correction factor of 
0.16. This correction was based on a series of experiments with 
isolated mitochondria in which the ratio of accumulation of Rb* 
and TPP* was compared over a range of membrane potentials, 
titrated by addition of KCl in the presence of valinomycin [20]. 
Control experiments established that the TPP"-binding cor- 
rection 1n liver mitochondria was not significantly affected by 
chronic ethanol consumption (results not shown). 


Determination of mitochondrial volume and ApH 


Mitochondrial volume was determined from the distribution 
of "H,O and ['*C]sucrose, and ApH from the distribution of 
[3H]acetate and [!*C]sucrose [20], under the same incubation 
conditions as mitochondrial respiration. The results show that in 
State 3 the matrix volume and ApH of isolated liver mitochondria 
oxidizing succinate/amytal were not significantly affected by 5—7 
weeks of ethanol feeding. Matrix volume and ApH in the 
preparations from the ethanol-fed animals changed, compared 
with controls, from 0.89 +0.02 ul/mg to 0.84 3- 0.03 ul/mg, and 
from 31.3+0.4mV to 28.1 1.8 mV respectively. Also, under 
the conditions used here (1.е. in the presence of excess P,), ADH 
made only a modest contribution to the total Ap, and this 
contribution was not significantly affected by the inhibitor 
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titrations (results not shown). Thus the conditions were ap- 
propnate for using membrane potential measurements as quan- 
titative indicators of changes in Ap. 


Measurements of ATPase, cytochrome oxidase and 
ublquinol: cytochrome c (bc, complex) activities 


ATPase and cytochrome oxidase activities were measured in 
fractured mitochondria from rat liver. Fractured mitochondria 
were made by rapidly freeze-thawing liver mitochondria (re- 
peated three times). ATPase activity was measured at 30 °C by 
recording the pH changes in the incubation chamber during ATP 
hydrolysis reaction 1n the presence of 250 mM sucrose, 5 mM 
MgCl, 2.5 mM Tns (pH 8) and 1 mM ATP [21]. The buffering 
capacity of the reaction mixture was determined experimentally 
by adding a known amount of НСІ (5 ul of 50 mM HCO = 
250 nmol ions H*) to the reaction mixture after each measure- 
ment, and recording the pH change induced by this addition. The 
ATPase activity was estimated from the initial rate of increase in 
H* concentration during ATP hydrolysis. Control experiments 
showed that H* formation was > 95% inhibited by oligomycin 
(1.5 g/ml). 

Cytochrome oxidase activity was measured at 30 °C by moni- 
toring the rate of oxygen consumtion by fractured mitochondria 
(0.4 mg protein/ml) in the presence of 0.35 mM TMPD, 10 mM 
ascorbate and 0.015 mM cytochrome c, under the same in- 
cubation conditions as for mitochondrial respiration. 

Activity of the bc, complex was measured spectrophoto- 
metrically by following the kinetics of cytochrome c reduction. 
Measurements were carried out at 30°C in the presence of 
KH,PO, (35 mM pH 7.2), MgCl, (5mM), BSA (fatty acid-free, 
2.5 mg/ml), KCN (0.2 mM), oxidized cytochrome с (20 uM), 
rotenone (4 ug/ml), fractured mitochondria (10 ug mitochon- 
drial protein) and antimycine (0 or 10 ug/ml). Reactions were 
started by adding 20 uM decylubiquinol. Enzymic activity was 
measured at 550 nM for 2 min, with an absorption coefficient of 
18.5 mM: cm. 


Statistical analysis 


Data are expressed as means + S.E M. of 3—7 experiments carried 
out on different mitochondrial preparations. Each point for 
every individual preparation is averaged from two or three 
repetitive runs. 


RESULTS 


Activities and kinetic responses of the components of oxidative 
phosphorylation in chronic alcoholism 


We measured the activities of ubiquinol:cytochrome c reductase 
(bc, complex), cytochrome oxidase, and the hydrolytic activity of 
ATPase in submitochondrial particles, from the livers of control 
and ethanol-fed animals. The results presented in Table 1 


Table 1 Activities of respiratory chain components and ATPase after 
chronic alcohol treatment 


“Statistically significant effect of alcohol (P < 0 05) 





Component Control Ethanol Inhibition. (%) 
Cytochrome c oxidase (matoms O/min per mg) 504 4-35 305+38* 40+6 
ATPase (nmol H*/min per mg) 644-F56  396-F19* 36-4 
bc, complex (uM cytochrome ¢/min) 216-017 1334020 414-5 





demonstrate that 2 months of chronic alcohol treatment 
diminished the activities of the bc, complex, cytochrome oxidase 
and ATPase in rat liver mitochondria by 41+5%, 40+6% and 
364+4% respectively (Table 1). These data are consistent with 
previous studies [5,10,22-26]. The alterations in the component 
activities bring about the differential responses of each block of 
reactions R, L and P to changes in AV These responses were 
determined by a series of inhibitor titrations as follows: first, the 
dependence of the flux through the respiratory subsystem, Jp, on 
AY was determined by titrating mitochondria in State 3 with an 
inhibitor of the phosphorylation subsystem (carboxyatractylo- 
side or oligomycin). Inhibition of phosphorylation caused an 
increase in AV (similar to that occuring during the State 3/State 
4 transition), which was accompanied by a decreased rate of O, 
uptake. At steady state, J, is equal to the sum of the rates of 
O, consumption needed to drive the phosphorylation subsystem 
(J,) and the proton leak (J,)' Ј, = J,--J,. Secondly, the 
dependence of J, on AV was determined under conditions of 
complete inhibition of J, by excess (1 uM) oligomycin, so that J, 
— J, [27]. Mitochondria oxidizing succinate were titrated with 
malonate (an inhibitor of succinate dehydrogenase). Titrations 
with rotenone or KCN were used to inhibit oxidation of 
glutamate plus malate, and TMPD plus ascorbate respectively. 
Inhibition of the respiratory subsystem caused АФ to decrease, 
and J, was detemined as the rate of O, consumption at different 
values of AY. Thirdly, a similar titration protocol with inhibitors 
of the respiratory subsystem (malonate and rotenone or KCN in 
the absence of oligomycin) was used to determine the dependence 
of J, on AY’. The phosphorylation flux at each AY was calculated 
by substracting the proton leak J, from J, at corresponding АФ 
values (J, = J,—J;,). 


Respiratory subsystem analysis 


Generation of Ap with different substrates involves different 
mitochondrial enzymes and encompasses different segments 
of the electron transport chain, resulting in different numbers of 
protons pumped per pair of electrons. As a consequence, plots 
of J, versus АХ vary with the oxidative substrate. Figure 1 
shows the kinetic responses of the respiratory subsystems, Jp, 1n 
mitochondria from ethanol-fed and control rats oxidizing dif- 
ferent substrates, which enter the respiratory chain at different 
levels. 

The simplest substrate supply condition 15 when mitochondria 
oxidize TMPD plus ascorbate, where no substrate translocator 
system 1s involved and reducing equivalents enter the electron 
transport chain at the level of cytochrome c. At saturating 
TMPD/ascorbate concentrations, the flux through the respir- 
atory subsystem 1s mainly (> 80%) controlled by cytochrome c 
oxidase and no other respiratory complexes are involved. Figure 
ҚА) demonstrates an inhibition (15-19%) of the respiratory 
subsystem over the entire membrane potential range in mito- 
chondria from ethanol-fed animals compared with mitochondria 
from pair-fed control animals. This observation is in agreement 
with a decrease in cytochrome c oxidase activity following 
chronic ethanol consumption (Table 1) [2,6,7,24,26]. 

A somewhat different pattern was obtained with mitochondria 
respiring on succinate (Figure 1B). This substrate enters the 
mitochondrial matrix on the dicarboxylate translocator in 
exchange for malate. Reducing equivalents are derived from the 
substrate through succinate dehydrogenase, and enter the elec- 
tron transport chain at the level of coenzyme Q. Excess amytal 
was added in these experiments in order to suppress the ac- 
cumulation of oxaloacetate, a potent competitive inhibitor of 
succinate dehydrogenase. In State 3, mitochondria from ethanol- 
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Figure 1 Kinetic response of the respiratory subsystem to changes in the membrane potential 


Liver mrtochondrta oxidizing (А) ТМРО (0 35 mM) plus ascorbate (10 mM), (B) succinate (10 mM) plus amytal (1 mM), (C) glutamate (5 mM) plus malate (5 mM). Control (O), ethanol-fed animals 
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Figure 2 Dependence of the proton teak on the membrane potential 


Liver mitochondria oxidizing (А) ТМРО (0.35 mM) plus ascorbate (10 mM), (В) succinate (10 mM) plus amytal (1 mM), (C) glutamate (5 mM) plus malate (5 mM) Control (C), ethanol-fed animals 


(9) 


fed rats exhibited lower succinate oxidation rates (by 26—33 %) 
than mitochondria from pair-fed control animals, 1n agreement 
with previous studies (data from 4 pairs receiving ethanol for 5—6 
weeks) When succinate oxidation rates were decreased by 
titration with carboxyatractyloside, the difference between mito- 
chondria from control and ethanol-fed rats 1n the activity of the 
respiratory subsystem declined as a function of the membrane 
potential under the conditions approaching State 4 (Figure 1B). 
These observations are 1n agreement with earlier findings that the 
flux of succinate oxidation is controlled primarily by components 
other than the electron transport chain under conditions of 
submaximal respiratory activity [19]. 

Giutamate plus malate oxidation follows more complex path- 
ways, which supply reducing equivalents to the respiratory chain 
mostly in the form of NADH. When glutamate is oxidized 1n the 
presence of malate, glutamate traps oxaloacetate derived from 
malate to form aspartate and a-ketoglutarate. Aspartate is 
quantitatively exchanged for glutamate on the glutamate/ 
aspartate translocator, whereas a-ketoglutarate can be either 
exchanged for extramitochondrial malate, or oxidized through 
a-ketoglutarate dehydrogenase. Hence the flux through malate 
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dehydrogenase equals the sum of the fluxes through a-keto- 
glutarate dehydrogenase and the malate/a-ketoglutarate trans- 
locator. As shown in Figure 1(C), mitochondria from ethanol- 
fed animals oxidizing glutamate plus malate exhibited lower 
activities of the respiratory subsystem (by 11-35%) than mito- 
chondria from control animals over most of the range of AY, 
except under maximally inhibited conditions 


Proton leak subsystem analysis 


Figure 2 shows the kinetic response of the proton leak (J,) to AV 
in mitochondria from ethanol-fed and control animals oxidizing 
different substrates. Mitochondria oxidizing TMPD plus ascor- 
bate were titrated with KCN (Figure 2A), whereas malonate and 
rotenone were used to titrate succinate (Figure 2B) and glutamate 
plus malate (Figure 2C) oxidation respectively. Inhibition of the 
respiratory subsystem caused a decrease in АФ. Proton leak is 
not directly affected by these inhibitors in the range of concen- 
trations used [28]. 

Maximal rates of proton leak were obtained in State 4 where 
the membrane potential was maximal (no inhibitor added). 
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Figure 3 Kinetic response of the phosphorylation subsystem to changes in the membrane potential 
Liver mitochondria axing (А) ТМРО (0 35 mM) plus ascorbate (10 mM), (B) succinate (10 mM) plus amytal (1 mM), (C) glutamate (5 mM) plus malate (5 mM) Control (О), sthanol-fed amais 


(9) 


Titration with the inhibitor decreases respiratory rates and causes 
a decrease in AV. No significant differences were observed 
between mitochondria from ethanol-fed and control animals. 
Also, in State 4, the respiration rates were not significantly 
different between these preparations. Experiments in the presence 
of nigericin (1 4M), which equilibrates pH differences across the 
mitochondrial membrane in a K*-containing medium, showed 
similar dependencies of J, on the Ap, confirming that under our 
experimental conditions the effects of ApH can be neglected 
(results not shown). Also, addition of BSA (2 mg/ml) did not 
affect proton leak rates in these mitochondria, indicating that 
non-esterified fatty acids did not contribute to the proton leak іп 
either preparation (results not shown). It should be noted that 
the mitochondrial isolation medium contained BSA in order to 
suppress possible differences between ethanol-fed and control 
animals due to endogenous fatty acids. 


Phosphorylation subsystem analysts 


Similar to the measurements of AV-dependence of the proton 
leak, inhibitors of the respiratory subsystem were used to 
determine the dependence of the phosphorylation flux on AV. In 
Figure 3, the flux through the phosphorylation subsystem was 
examined under State 3 conditions over a wide range of AY 
values. Results obtained with TMPD plus ascorbate (Figure 3A) 
and succinate (Figure 3B) as respiratory substrates were es- 
sentially similar, showing a significant inhibition of the phos- 
phorylation subsystem in mitochondria from ethanol-fed animals 
over the entire range of AV values examined. In contrast, no 
inhibition was observed for mitochondria oxidizing glutamate 
plus malate at corresponding AY values (Figure 3C). The 
difference in sensitivity to chronic ethanol treatment is not 
unexpected and is related to different pathways of substrate 
oxidation. In mitochondria respiring on glutamate/malate, any 
substrate-linked phosphorylation associated with a-ketogluta- 
rate oxidation contributes to overall ATP production. When this 
step is inhibited with arsenite, the AY dependence of phosphory- 
lation resembles the findings with other substrates, showing the 
suppression of the ATP-producing subsystem after chronic 
ethanol treatment (results not shown). This suggests that sub- 
strate-linked phosphorylation can compensate to some extent for 
the defect in ATP synthase-mediated ATP production in ethanol- 
fed rats. 


t 


Table 2 Control coefficients of AY supply and A demand processes 
over ths respiration flux in State 3 


Control exerted by 
Control exerted by AP supply АҸ demand 
Substrate Control Ethanol Contro! Ethanol 
TMPD/ascarbate 0.68+0.02 072009 032-002 0.28+009 
Succinate/amytal 0734008 067-009 0274008 033-009 
Glutamate/malate 0484-006 0444003 0.52+0.06 0564-003 





Analysis of control parameters 


We conceptually grouped the reactions of the phosphorylation 
subsystem and the proton leak into a single block of reactions 
consuming Ap. In this manner, the oxidative phosphorylation 
machinery is divided into two parts only: AY supply and AV 
demand processes. The control exerted by either of these two 
parts on mitochondrial respiration is quantified as the control 
coefficient of AY supply and AY demand processes, С,,,„, and 
Сотова TeSpectively The control coefficients are calculated from 
the elasticities, &'*??*» and cf? *^"4 which are the normalized 
derivatives of the fluxes through the appropriate parts of the 
system with respect to АФ [12]: 


AV QU. Qa АФ Ф@Ј,+Ј,) 


g'*PPly — М ш 
Jp дАФ Ј,+Ј, 3AF 








These derivatives were determined from the kinetic dependencies 
shown in Figures 1—3 at AY values corresponding to State 3 
respiration for each of the respiratory substrates examined. The 
control coefficients (C,,,,,, and Caswana) Of AY supply апа AY 
demand processes were calculated as: 


cde mend "T gIuPPy 
Cusa = gismand _ supply’ Сатана zx gH mand. | supply 
Table 2 demonstrates how control of State 3 respiration rate is 
distributed among the different subsystems generating and 
consuming Ap. In mitochondria from both control and ethanol- 
fed rats, the respiratory subsystem makes a predominant con- 
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tribution to the flux control with TMPD/ascorbate (68 % and 
72% respectively) and with succinate/amytal (73% and 67% 
respectively), whereas ıt contributes only approx. 50% when 
glutamate plus malate is used as substrate Remarkably, the 
State 3 control coefficients were not significantly different between 
preparations from control and ethanol-fed rats for any of these 
substrate conditions, despite the substantial inhibition of both 
the electron transport and the phosphorylation reactions, as 
reflected in the State 3 oxidation rates with all substrates. This 
finding suggests that the mitochondrial oxidative phosphory- 
lation system may compensate for the inhibition of the electron 
transport components and the phosphorylation reactions to 
maintain a substrate-specific pattern of control distribution, 
despite the alterations 1n the enzymatic components that occurred 
after chronic ethanol consumption 


DISCUSSION 


The findings reported in this study illustrate how mitochondria 
adapt to simultaneous changes in multiple components of the 
energy conservation system following chronic ethanol consump- 
tion. Ethanol treatment causes tissue-specific changes 1n mito- 
chondrial morphology and membrane physical properties, 1n- 
cluding effects on mitochondrial inner membrane phospholipids 
and alterations in the activity and kinetic properties of several 
mitochondrial enzymes (reviewed ш [2,4]. Mitochondrially en- 
coded subunits of electron-transport-chain complexes and ATP 
synthase are specifically affected, resulting in a decrease by 
30—50 % in the activity of NADH dehydrogenase, cytochrome 
bc, complex, cytochrome oxidase and ATP synthase [1,6,24,26]. 
These changes in mitochondrial characteristics occur in liver 
over a period of 3-5 weeks of ethanol feeding by the Lieber- 
DeCarli protocol [14] and may be more extensive with other 
more invasive ethanol-feeding protocols. Despite detailed studies 
of the molecular basis of these changes in oxidative phosphory- 
lation, the consequences for cellular energy metabolism have not 
been characterized. We employed top-down regulatory analysis 
to answer the question of how these changes in the activity of 
multiple inner-membrane components affect the overall pathway 
rates and the integrative control of the oxidative phosphorylation 
machinery in isolated mitochondria. Top-down control analysis 
not only characterizes changes in key bioenergetic parameters, 
but can also identify alterations in the regulatory characteristics 
of mitochondrial oxidative phosphorylation. Specifically, top- 
down analysis can distinguish how the kinetic consequences of 
the ethanol-induced changes in enzymic components are dis- 
tributed between the mitochondrial respiratory subsystem, the 
proton leak, and the phosphorylation subsystem. 

In agreement with previous studies that reported a decline in 
electron transport components [5,10,22-26], the rate of gen- 
eration of Ap (the respiratory subsystem) with different substrates 
was inhibited after 2 months of ethanol consumption. With 
NAD*-dependent substrates апа ТМРО /ascorbate a significant 
suppression of the respiratory subsystem was observed at all 
values of the mitochondrial membrane potential examined, with 
more pronounced inhibition in State 3 than State 4. Succinate 
oxidation was significantly suppressed in State 3 only, reflecting 
the predominant control of this pathway by succinate dehydro- 
genase, the activity of which is not affected by ethanol treatment 
[5]. Despite this decrease in the respiratory capacity, the response 
of the respiratory chain to changes in membrane potential (as 
reflected in the elasticity coefficient derived from the slope of the 
curves shown in Figures 1—3) was only modestly affected by 
ethanol treatment. 
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The Ap dependence of the proton leak rate did not differ in 
mitochondria from control and ethanol-fed rats for any of 
the substrate conditions studied. This finding suggests that the 
changes in phospholipids and membrane proteins that occur 
after 2 months of ethanol feeding did not affect the per- 
meabihty of the mitochondrial membrane to protons. This 
conclusion conflicts with some earlier studies, but is in agreement 
with the data reported by Murphy and Tipton [29]. It is interesting 
to note that in other studies we found that longer term ethanol 
feeding (up to 18 months) may be associated with an enhanced 
proton leak rate, possibly due to the expression of uncoupling 
protein (results not shown). 

Ethanol effects on the phosphorylation subsystem can be 
reliably determined using succinate or TMPD/ascorbate, since 
inhibitor titrations of succinate dehydrogenase or cytochrome 
oxidase do not affect the enzymes of the phosphorylation 
subsystem directly. The data obtained with mitochondria oxidi- 
zing either of these substrates demonstrated a suppression of the 
responses of the phosphorylation subsystem to A'Y changes. We 
were unable to detect any significant inhibition of the phos- 
phorylation subsystem in mitochondria oxidizing glutamate plus 
malate. However, the application of top-down analysis is more 
complicated for substrates such as glutamate plus malate, which 
involve the substrate-linked phosphorylation step of a-keto- 
glutarate dehydrogenase/succinate thiokinase, since an ATP- 
producing reaction appears both in the supply and demand 
blocks. 

The distribution of control over the supply and demand 
processes 1s calculated from the elasticities of the phosphorylation 
and respiration subsystems. In State 3, mitochondria from 
ethanol-fed and pair-fed control rats did not show significant 
shifts in the distribution of control in favour of either the phos- 
phorylation or respiration subsystem. (Table 2). The moderate 
changes that were observed, did not achieve statistical significance 
for any of the substrate conditions. This finding indicates that the 
control distribution in State 3 appeared relatively stable to 
substantial changes in the enzyme activities of both supply and 
demand blocks. Interestingly, this correlates with the findings of 
Brand and Kesseler [30], who showed that in potato tuber 
mitochondria, cadmium did not affect the control pattern at 
State 3 respiration, whereas it caused a progressive inhibition of 
the respiratory subsystem over the entire range of Ap between 
States 3 and 4. 

How does the mitochondrial system at State 3 compensate for 
marked changes in activity of the enzyme systems of oxidative 
phosphorylation? Some insight can be obtained from a kinetic 
model of mitochondrial respiration published elsewhere [31,32]. 
This model implements all available kinetic knowledge con- 
cerning the individual enzymes and non-enzymic steps of the 
mitochondrial oxidative phosphorylation machinery. The esti- 
mated AF dependency of the respiratory subsystem and the 
phosphorylation subsystem generated by this model accounts 
reasonably well for the experimentally observed traces shown in 
Figures 1-3 (see Figure 4, solid lines). Figure 4 illustrates a 
theoretical analysis of how the oxidative phosphorylation system 
would be affected by a decrease in the content of electron- 
transport-chain components and ATP synthase observed in the 
range of 36—41 % (Table 1) during oxidation of succinate/amytal 
(Figure 4, broken lines). It is evident that the response patterns 
obtained in the computational analysis qualitatively match the 
patterns obtained experimentally, both in ‘normal’ mitochondria 
and in the partly inhibited state. The kinetic model illustrates 
that the simultaneous depression of the supply and demand 
blocks found in ethanol-affected mitochondria did not change 
the mitochondrial membrane potential in State 3. Indeed, in 
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Figure 4 Simulated responses of the supply and demand blocks of 
oxidative phosphorylation to 4 ¥ changes in mitochondria with ‘normal’ and 
suppressed activities of slectron transport chain and ATP synthase 


Solid lines correspond to contro! mitochondna oxidizing succinate/amytal, and broken lines 
correspond to mitochondria with the ATP synthase activity inhibited by 36%, the dc, compiex 
actrvity inhibited by 41% and the activity of cytochrome c oxidase inhibited by 40% The dotted 
extensions of the dashed lines illustrate how the response pattern would change if either 
ATP synthase or the electron transport chain activity were suppressed separately. The 
control coefficients of the supply block (the respiration subsystem) were 0 89 and 0 72 in control 
(Саад) 20d inhibited (C...) mitochondria respectively The control coefficients of the demand 
block (which involves the proton leak and phosphorylation subsystem) are equal to one minus 
the contro! coefficlents of the supply block 


Figure 4 the points of intersections of the two solid lines (State 
3 of normal mitochondria) and the two broken lines (State 3 of 
affected mitochondria) correspond to the same АЧ value 
of 141 mV. The dotted lines in Figure 4 illustrate the expected 
response patterns when only the ATP synthase or only the 
electron transport components are inhibited. The points of 
intersection of dotted and solid lines show that the State 3 
membrane potential would change upwards if only the ATP 
synthase were inhibited by ethanol treatment, and down- 
wards if only the respiratory chain were affected. Às shown 
in Figure 4, the computed control coefficients appeared to be 
within the range of values observed experimentally, with a 
predominant fraction of the control being located in the res- 
piratory subsystem. Inhibition of the activities of bc, complex, 
cytochrome oxidase and ATP synthase (Table 1) shifted 
the control away from the respiratory subsystem, towards the 
phosphorylation subsystem. However, the change in control 
distribution associated with the inhibited state was relatively 
modest, and would be difficult to identify experimentally. 

How is it that the system requires so little compensation in 
control distribution for these marked changes in enzyme activity? 
We tried to answer this question using the model and calculating 
the control distribution, not only among the blocks of multiple 
reactions (as we did in our experiments), but also among the 
individual components within these blocks. In control mito- 
chondria respiring on succinate/amytal at State 3, succinate 
dehydrogenase carries the major part (approx. 8095) of the 
control over respiration. The rest of the control is nearly equally 
distributed among the other components of the system: bc, 
complex, cytochrome oxidase, ATP synthase, adenine nucleotide 
translocator and proton leak. According to the data presented in 
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Table 1, we calculated the control coefficients for each component 
in the system for mitochondria with suppressed cytochrome 
oxidase, bc, complex and ATP synthase activities. In this case, 
control shifted substantially from succinate dehydrogenase (now 
30% of control) to bc, complex and cytochrome oxidase. 
However, the net control, exerted by the respiratory subsystem, 
remained almost the same, despite the substantial decrease 1n the 
activities of some of its components and the redistribution of the 
control within the subsystem. The conclusion from these theor- 
etical observations is that, in chronic alcoholism, the suppressed 
capacities of some mitochondrial enzymes can cause a redis- 
tribution of the control among individual steps їп the respiration 
pathway. However, ethanol-induced changes in control dis- 
triution are essentially undetectable in ‘top-down’ control analy- 
sis, where the number of reactions are conceptually grouped into 
complex blocks, and only the control distribution among these 
blocks is calculated. Thus compensation within each of the 
major blocks of oxidative phosophorylation can prevent 
the change in control distribution between these blocks. 

Despite the lack of change in State 3 control distribution 
following chronic ethanol feeding, the compensations reflected 1n 
steady-state metabolite changes are likely to have important 
physiological ramifications, by making mitochondria much more 
susceptible to changes in energy demand. This may have sig- 
nificant implications for the performance of liver mitochondria 
from alcoholic animals under conditions of physiological stress, 
such as hypoxia or Ca!* overload. This may account for an 
enhanced mitochondrial capacity to generate reactive oxygen 
intermediates, which is largely a reflection of steady-state levels 
of semiquinone [33]. Also, matrix ATP/ADP ratio may be more 
susceptible to stress. Interestingly, some reports have demon- 
strated that liver cells from ethanol-fed rats have a decreased 
capacity to maintain adequate ATP/ADP ratios under conditions 
of modest hypoxia, even though ATP levels can be maintained 
adequately under normal oxygen supply conditions [34]. Under 
these conditions it would be more difficult for mitochondria from 
ethanol-fed animals to maintain the necessary rates of ATP 
production in the liver. The impact of these defects may be 
further strengthened by the increased exposure to hypoxic 
conditions that occurs particularly in the pericentral zones in the 
liver in vivo, which may contribute to the liver damage associated 
with chronic ethanol consumption [35]. 
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Isolation and characterization of casein kinase | from 


Dictyostelium discoideum 
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inshtuto de Investigaciones Biomédicas ' Alberto Sols’, UAM-CSIC, C/ Arturo Duperler 4, 28029 Madrid, Spain 


In the present study, the molecular cloning and characterization 
of a 49-kDa form of casein kinase (CK)I from Dictyostelium 
discoideum is reported. The predicted amino acid sequence shares 
70% identity with the catalytic domain of the mammalian ё and 
e isoforms, Drosophila CKIe and Schizosaccharomyces pombe 
Hhpl, and 63 % identity with Hrr25, a 57-kDa form of yeast CK. 
involved in DNA repair. D. discoideum СКІ (DdCKI) was 
expressed in vegetative asynchronous cells as well as in different- 
tated cells, as detected by Northern-blot analysis. The level of 
DdCKI expression did not change during the cell cycle. Anti- 
bodies raised against a truncated version of the protein recognized 
a 49-kDa protein from D. discoideum extracts. Protein expression 


paralleled the pattern found for the RNA. The expression of 
DdCKI in Escherichia coli resulted in an active enzyme that 
autophosphorylated and phosphorylated casein. Immuno- 
fluorescence assays showed that DdCKI was localized in the 
cytoplasm and nuclei of Dictyostelium cells. The lack of dis- 
ruptants of the CKT gene suggests that this protein is essential for 
the vegetative growth of D. discoideum. Overexpression of DdC KI 
resulted in cells with increased resistance to hydroxyurea, 
suggesting a potential role for this kanase in DNA repair. 


Key words: casein kinase, cDNA cloning, immunofluorescence, 
protein expression. 





INTRODUCTION 


Casein kinase (CK)I was among the first protein kinases to be 
described It is an ubiquitous monomeric enzyme ranging in size 
from 25 to 55 kDa and is present in the plasma membrane, 
nuclei, cytoplasm and cytoskeleton of eukaryotic cells [1]. Once 
considered to represent a single entity, it is now known to 
comprise a family, which represents a distinct branch of the 
eukaryotic protein kinase CKI homologues have been identified 
ш organisms ranging from yeasts to humans [2]. All members of 
the CKI family contain a catalytic domain in the N-terminal 
portion of the protein. This domain structurally resembles that 
of other protein kinases. The main differences are observed in 
subdomain VIII, in which the common peptide triplet Ala-Pro- 
Glu 1s replaced by Ser-Ile/Val-Asn, and in subdomain XI, in 
which a normally invariant arginine residue is absent. 

The substrate specificity ıs determined by acidic or phosphoryl 
groups located three to four residues upstream of the target 
residue. Some CKI isoforms can be classified as dual-specificity 
protein kinases, because they can phosphorylate tyrosine as well 
as serine or threonine residues [3,4]. Several CKI substrates have 
been identified, such as glycogen synthase, RNA polymerases I 
and II, p53, spectrin and NF-AT4, among others [2]. However, 
only in a few instances has phosphorylation by CKI been shown 
to correlate with changes in substrate function, such as in the 
case of the SV40 T antigen [5] or the NF-AT4 transcription 
factor [6]. 

CKI has been implicated 1n several aspects of cell regulation 
In mammals it has been found associated with the adaptor 
protein Nck [7], and it can phosphorylate the 14-3-3 protein [8], 


suggesting a role in signal transduction. It has been shown 
recently, in Xenopus and Caenorhabditis elegans, that CKI is 
a component of the Wnt signaling pathway, which controls a 
variety of processes including cell growth and development [9] A 
CKI gene (Dbt) has been cloned in Drosophila [10]. The DBT 
protein is essential for viability, and is involved 1n mantaining 
circadian rhythms. CKI homologues tn budding and fission yeast 
may regulate aspects of cellular DNA metabolism and are 
involved in DNA repair [11,12]. Saccharomyces cerevisiae Hrr25 
is involved in double-strand break repair, in sporulation and in 
the cell cycle, and it has also been shown recently to be involved 
1n vesicle budding from the endoplasmic reticulum [13]. A pair of 
related CKI homologues, Hhpl and Hhp2, play similar roles in 
DNA гера in Schizosaccharomyces pombe. 

The Sa. cerevisiae YCK1 and YCK2 genes supply an activity 
essential for vegetative growth, and confer halotolerance when 
overexpressed [14], and YCK2 also plays a role in cytokinesis 
[15]. Overexpression of Cki2 in Sch. pombe leads to a severe 
growth defect and aberrant morphology [16]. Ultraviolet ır- 
radiation of early Drosophila embryos relocalizes CKI to the 
interphase nucleus, suggesting a possible requirement for this 
enzyme in mechanisms associated with DNA repair [17]. 

Dictyostelium discoideum is a simple eukaryote that shows, in 
the course of its life cycle, a period of cell differentiation and 
morphogenesis, which makes it an attractive system for ad- 
dressing a wide variety of biological problems. 

In this organism, development is triggered by the removal of 
the food source from vegetatively growing amoebae. Cells 
thereupon aggregate to form a multicellular mound, by means of 
chemotaxis to pulsatile cAMP signals acting through cell-surface 


Abbreviations used Bsr, blasticidin, CK, casan kinase, DdCKI, casein kinase | gene and gene products from Dictyostelium discoideum, IPTG, 
Isopropyl--o-thiogalactoside; K38R, СКІ mutation in which the lysine-38 residue ts substituted with arginine 
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receptors [18]. cAMP is also involved in the expression of genes 
essential for aggregation, entry into the morphogenetic stage, 
pre-spore cell differentiation and culmination [19] Cellular 
differentiation ultimately gives rise to the spore and stalk cells of 
the fruiting body. All the internal cAMP responses are mediated 
by cAMP-dependent protein kinase [20]. 

In D. discoideum, the unique СКП gene has been shown to be 
essential for vegetative growth [21]. This CKII, unlike its higher 
eukaryotic counterparts, lacks the # subunit [21,22] Several СКІ 
activities have been characterized on the basis of their biochemical 
and chromatographic properties [23] 

In the present report we describe the 1solation and charac- 
terization of а CKI gene from D. discoideum (DdCKN), the 
analysis of its expression in the life cycle of the organism, its 
intracellular localization and its genetic analysis. 


MATERIALS AND METHODS 
Growth and development of D. discoldeum 


АХ-2 cells were cultured in exponentially modified HL-5 medium 
(peptone was substituted for tryptone) [24], and differentiated on 
nitrocellulose filters in Mes/PDF buffer (20 mM KCl, 12 mM 
MgSO,, 7.5 mM Mes, pH 6.5). 

For the developmental time-course assays, cells were plated on 
to sterile 4.5-cm diam. plates (0.5 х 105-1 x 10° cells/plate). At 
different time points, the cells were rapidly scraped from the plate 
and frozen in liquid N, until further use Synchronization 
experiments were performed as described previously [25]. 


Plating assay for sensitivity to DNA-damaging agents 


For viability assays, 2 х 10° cells/ml were cultured for 20h in 
modified HL-5 medium with 100 or 200mM hydroxyurea 
(Sigma) or 100 4M cisplatin (cis-diamine-dichloroplatinum 
П) (Sigma). Control cells were kept for a similar time without the 
addition of drugs. In all treatments, a volume, equivalent to 350 
cells of untreated control cells, was plated on to SM plates with 
a lawn of Klebsiella aerogenes to determine viability. The sur- 
viving colonies were monitored after three or four days. The 
percentage of viability was calculated as the number of colonies 
obtained following the various treatments compared with the 
number of control cells. 


D. discoideum extracts and S-Sepharose chromatography 


For Western-blot experiments, Dictyostelium cells were lysed by 
sonication (vegetative or early differentiated cells) or with glass 
beads (late differentiated cells) in a buffer containing 50 mM 
Tris/HCl (pH 7.5), 300 mM NaCl, 5 mM EDTA, 40 mM sodium 
pyrophosphate, 30 % (w/v) sucrose, 0.5 mg/ml leupeptin, 50 ug/ 
ml aprotinin, 0.1 mM tosyl-lysyichloromethane (“ТСК”) and 
0 1 mM Na,VO,. 

Cytosolic extracts, prepared in the same buffer without NaCl, 
were applied to an S-Sepharose (5 ml) column equilibrated in 
50 mM Tris/HCl (pH 7.5), 2 mM EDTA, 5 mM 2-mercapto- 
ethanol, 10 mM sodium pyrophosphate, 20 % (v/v) glycerol and 
]0mM NaF After washing with 10 volumes of equilibration 
buffer, the bound proteins were eluted with a linear gradient 
of 0-1 M NaCl, and 10 4l aliquots from each fraction were 
assayed for casein kinase activity using casein as substrate. 
Nuclei were prepared as described previously [26]. 


Southern- and Northern-blot hybridization analysis 


Southern- and Northern-blot hybridization were done using 
standard protocols [27]. Hybridization was performed at high 
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stringency in buffer containing 50% (v/v) formamide at 42 °C, 
or at 37°C for low stringency conditions. DNA was obtained 
from vegetative cells as described in [28], and 1 ug was digested 
with various restriction enzymes, resolved on a 0.7% (w/v) 
agarose gel and transferred to a nylon membrane for 
hybridization. 

For Northern-blot analysis, total RNA from vegetative and 
differentiated cells was isolated by the method of Chomezynski et 
al. [29]. Poly(A) mRNA was obtained as in [30] For reverse 
transcnption-PCR, total RNA was prepared using Trizol (Gibco 
BRL), following the manufacturer’s conditions. 


Molecular cloning of DaCK/ 


PCR primers were designed using the yeast Yck2 sequence as a 
guide A forward pnmer (5 CAACATATTCCGTACAGGG- 
GÀ) and a reverse primer (5° ATCGTCTCTTCTGGATTGT- 
TC) were used to amplify a 99-bp fragment from yeast genomic 
DNA. This PCR product was sequenced and used as a probe 
to screen a Dictyostelium cDNA library from 4-h differentiated 
cells cloned in Agtl1 (Clontech). Recombinant phages (160000) 
were screened, in duplicate, with the yeast probe labelled with 
random primers and [a-**P]dATP (5000 Ci/mmol), Amersham). 
Hybridization was done under low stringency conditions, and 
positive clones were plaque purified. One of the positive clones 
(clone 1) was isolated and subcloned in pUC19. This clone con- 
tained a 1200-bp insert with a single open reading frame and 
a missing 5' mitiation codon. The 5’ initiation site was found by 
rescreening the cDNA library under stringent conditions using 
clone 1 cDNA as a probe (clone 2). 

To obtain the complete gene (pBS-CKID) the EcoRI/PstI 
fragment of clone 1 was replaced with the same fragment of clone 
2 (the Pst] site in the clone 1 polylinker was previously eliminated 
by cutting, filling and ligation). 


Recombinant DdCKI constructs 


Three different constructs were obtained. First, in the pRSETc 
(Invitrogen) vector to express recombinant CKI in bacteria. For 
this construct, a Pvull site was engineered to clone the complete 
CKI coding region in-frame with the His, tag present in the 
vector. Secondly, a fusion with the maltose binding protein, to 
obtain antibodies against CKI. This construct was made with an 
EcoRI/ Hindlll fragment of the CKI gene. Thirdly, a construct to 
express the CKI gene constitutively under the Act-15 D. dis- 
coideum promoter. We used the pDXA-HC vector [31] that gives 
protein tagged with the c-myc epitope in the C-terminus. The 
CKI gene was amplified with primers (sense, 5’ ACGT- 
GGTACCGATTTAAGAATTGGTGG, and antisense, 5’ AAC- 
ACAACAAGGCCACCAGCAAAGACTCGAGATCGG) in 
order to create KpnI and Xhol sites repectively (underlined) to 
clone into the corresponding sites of the pDXA-HC vector. 
Finally, for gene replacement, the 1.4-kb blasticidin (Bsr)S 
cassette, obtained by digestion of pBsrS 2 [32] with Smal and 
HindIII, was shunted and inserted into the Ncol site of the CKI 
gene. The 2.7 kb fragment of DdCKI harbouring the BsrS 
cassette was excised with EcoRI and used to transform 
D discoideum cells. 


D. discoldeum transformation 


Transformation was performed by electroporation, using 20— 
30 ug of the final constructs. Transformants were selected at 
5 ug/ml G418 or 5 ug/ml BsrS, according to the construct used. 
Colonies became visible after about 15 days. The resistant clones 
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were plated on to a lawn of K. aerogenes grown on SM 
nutrient agar plates. The plates were incubated at 23 °C, and 
individual colonies were removed, grown in a HL5 medium with 
10 ug/ml G418 or 10 ug/ml BsrS and analysed. 


Purification of His,-tagged CKI 


Wild-type Dictyostelium cells or cells expressing His,-CK 1 were 
cultured in modified HLS medium and harvested at 4x 10% 
cells/ml. After washing once with cold PBS, the cells were 
resuspended in lysis buffer A [20 mM Hepes (pH 7.5), 10 mM 2- 
glycerophosphate, 5mM 2-mercaptoethanol, 1 mM Na,VO,, 
20 mM imidazole, 0.1% (v/v) Triton X-100] with 40 ug/ml 
aprotinin, 50 ug/ml leupeptin and 1 mM tosyl-lysylchloro- 
methane. The cell extracts were centrifuged at 100000 g for 
30 min at 4 °С. Equal amount of protein from the supernatants 
were loaded on to Ni*'-agarose columns (2 ml) equilibrated with 
lysis buffer. After washing with 10 column volumes of the same 
buffer, the bound protein was eluted step-wise with 150 mM and 
300 mM imidazole in the same buffer without Triton. The eluted 
fractions were used for Western-blotting and CK assays m vitro. 


Purification of CKI expressed in bacteria 


Escherichia coli strain BL21(DE3) was transformed with the 
pRSETc construct. A single colony was removed and grown at 
30 °C to a D.o of 0.8. Isopropyl-f-p-thiogalactoside (IPTG) was 
added to 0.4 mM, and the cells were incubated for 1 h at 37 °C. 
The induced cells were harvested, washed and resuspended in 
5 vol. of lysis buffer B [20 mM Tris/HCl (pH 7.9), 0.5 M NaCl, 
10% (v/v) glycerol, 5 mM imidazole) containing 1 mM PMSF 
and 25 ug/ml each of leupeptin, pepstatin and aprotinin. The cell 
suspension was sonicated and the resulting lysate was cleared by 
centrifugation at 15000 g for 20 min. The supernatant was loaded 
on to a 1 ml Ni?*—agarose column pre-equilibrated in lysis buffer 
B containing 0.05 % (v/v) Nonidet P-40. The column was washed 
with 15 vol of the same buffer, and the proteins were eluted with 
sequential 5 ml volumes of lysis buffer B containing 0.02 95 (v/v) 
Nonidet P-40 and 50, 100, 200 or 500 mM umidazole. The 
fractions collected were analysed for protein by Western-blotting 
and protein kinase activity. 


Production of antibodies against CKI 


E. coli strain TG1 was transformed with pMal-NCKI. Cells 
containing the pMal-NCK1 plasmid were grown at 37°C to a 
Doo Of 0.4-0.6. IPTG was added to 0.3 mM and the cells were 
incubated for 3h. The induced cells were harvested, washed 
and resuspended in 5 vol of 10 mM Tris/HCl, pH 8, 200 mM 
NaCl, 1 mM EDTA, 1 mM dithiothreitol, with 10 mM NaF 
and 25 ng/ml each of leupeptin and aprotinin. The cell suspension 
was sonicated and the resulting lysate was cleared by centri- 
fugation at 15000 g for 20 min. The recombinant protein was 
purified from the E. coli extracts by chromatography on an 
amylose column using standard protocols. To generate antibodies 
against DdCKI, rabbits were immunized with the purified 
maltose-binding-protein fusion protein, which had been excised 
and extracted from an SDS/polyacrylamide gel. 


CK assays 


Two different assays were used to measure CKI activity. In some 
assays p-81 paper was used to measure the **P-label incorporated 
into casein [23], and in others the radioactivity incorporated into 
casein was monitored by SDS/PAGE and autoradiography of 


the gels. The assay was performed in a final volume of 30 yl 
containing 50 mM Tris/HCI (pH 7.4), 10 mM MgCI,, 0.2 mM 
Na, VO, 2-20 uM [y*P]ATP (800-1000 c p.m./pmol), 10 mg/ 
ml casein and 10—30 zg of the protein fraction to be assayed. 


Immunofluorescence analysis 


For staining intact cells, the following procedure was used. Cells 
(105) growing 1n modified HL-5 medium were spotted on to 
coverslips, which had been pre-treated with gelatin, and were 
centrifuged at 2000 g for 10 min in a Cyto-spin centrifuge. The 
harvested cells were washed once in PBS and fixed in 3.7% (v/v) 
paraformaldehyde in PBS for 15 min, followed by incubation in 
5 mM NH,CI in PBS for 5 min. After washing with PBS and 
permeabilization with 0.2 % (v/v) Triton for 8 min, the cells were 
washed once 1n PBS and blocked with 5 % (v/v) fetal-calf serum 
in PBS for 30min The coverslips were then incubated with 
affinity-purified CKI antibody in PBS for 1 h at room tem- 
perature A pre-immune serum was used as a control. The 
coverslips were washed five times (10 min each) with PBS and 
then incubated for 1 h at room temperature with a fresh 1:200 
dilution of Rhodamine-labelled goat anti-rabbit IgG (Dianova). 
Coverslips were washed as above and mounted in Mowiol. Some 
samples were stained with 0.1 ug/ml 4,6-diamidino-2-phenyl- 
indole (*DAPI?) in PBS for 2-5 min. 


immunoblotting 


Purified fusion proteins or 10-50 ug of protein from bacterial or 
Dictyostelium extracts were subjected to SDS/PAGE (10-12% 
gels) and transferred to Immobilon filters (Millipore) in 12.5 mM 
Тгіѕ/НСІ (pH 8.5), 86 mM glycine and 15% methanol. Mem- 
branes were blocked in Tris-buffered saline containing 0.05% 
(v/v) Tween-20 and 5% (w/v) non-fat dried milk or, for the 
His,tagged proteins, 395 (w/v) BSA. Primary and secondary 
antibodies were diluted in the same buffer. Bound antibodies 
were detected by enhanced chemiluminescence according to the 
manufacturer's instructions (Amersham). 


RESULTS 
Characterization of a D. discoldeum CK 


The screening of a D. discoideum cDNA library with a 99-bp 
PCR product obtained from yeast yielded one positive clone. 
The cDNA insert of this clone (clone 1) was sequenced com- 
pletely. Clone 1 represented a cDNA that encodes a sequence 
with high similarity to higher eukaryotes and yeast CKI, and did 
not contain the initiation site. The cDNA of clone 1 was used as 
probe to rescreen the cDNA library. Several additional clones 
were isolated, and three of them were analysed (clones 2, 3 and 
4). The lengths of the clones were 1122, 1152 and 1140 nt 
respectively. 

Clone 2 was truncated at the 3' end and contained the initiation 
site, 84 nt of 5'-untranslated sequence and 1012 nt overlapping 
the sequence of clone 1. Clone 3 was also 3' truncated and con- 
tained the initiation site, 26 nt of untranslated sequence and 
1104 nt overlapping the sequence of clone 1 and clone 4 which 
was 5’ truncated. The complete coding sequence (pBS-CKT) was 
obtained as described in the Materials and methods section. 

The putative ATG initiation codon lies within a translation 
initiation consensus sequence defined by Kozak [33], and it is 
immediately preceded by a stop codon in the same reading 
frame. Moreover, the predicted start site 1s consistent with that 
of other CKI isoforms. The stop codon present in the cDNA of 
clones 1 and 4 includes the first nucleotide of the EcoRI cloning 
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Figure 1 Alignment of D. discoideum СКІ sequences 


Comparison of the рптагу structure of the kinase domains of 2 discodeum (DdCk1), human (h) CKle and CKI8, yeast (y) kinases Hrr25, Hhp1 and Hhp2, and Drosophila CKle (dDBT) Residues 
that аге kentical for all members of the СКІ family are indicated with dots 
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Figure 2 Southern- and Northern-blot analysis of DdCKI at different developmental stages 


(А) Map of the DXCK/ gene Genomic DNA was digested with £coRI (E), Hindill (Н), Рэй (Ps), and ВдЛ! (B) (B) Total RNA (30 ug, lane 1) or poly (A)* RNA (5 440, lane 2) from 4 h-differentrated 
calls were resolved on an agarose/formaldehyde gel, transferred to a nylon membrane and probed with the insert of clone 1 labelled by random priming (C) Top panel total RNA (6 jg/lane) 
was prepared from samples taken at various times after cell starvation V, vegetative cells Bottom panel rRNA is shown as an indicator of gel loading (D) Top panel Poly(A)* RNA (5 ut 
lane) was prepared from calls synchronized by the stationary phase release method Aliquots of cells were taken after resuspension in fresh medium for the indicated time pertods S, stabonary cells 
Bottom panel the same filter hybndized with a myosin probe as an indicator of gel loading i 
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Figure 3 Immunoblot analysis of СКІ 
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(A) pMal-CK] was grown in Е coli strain TG1 and the cells were induced with IPTG (+) or left untreated (—) Cell extracts, purrfied by amylose chromatography, were resolved on SDS/PAGE 
(10% gel) and the proteins were transferred to Immobilon membranes and incubated with preimmune (1) or immune (2) serum produced against recombinant СКІ Molecular mass markers (In 
кра) are shown on the left, and the mass of the recombinant protein detected by the antibody is shown on the night. (B) Soluble Dectyoste/ium extracts (5 ий), prepared as described in the Matenals 
and methods section were resolved on SDS/PAGE (10% gel), and a Western blot analysis was performed as described for (A), 1, preimmune serum, 2, immune serum (C) CK activity assay 
in fractions eluted from S-Sephaross, performed as indicated in the Materials and methods section The upper part of the Figure shows a Western blot of the various fractions, using the раскі 
antibody (D) Soluble Dictyostelium extracts (10 ug) from celis differentiated for 4, 8, 18 or 20 h were used for Wastern-blot analysis as in (A) V, vegetative asynchronously growing cells (E) 
Soluble Dictyostelium extracts (10 4g) from synchronized vegelatrve cells were used for Western-blot analysis as descnbed above 5, stationary cells Time (hrs), tima after resuspension in fresh 


axenic medium at which the samples were removed 


site. Translation of the complete 1284 nt open reading frame 
predicts a 426-amino-acid polypeptide with a molecular mass of 
48800. The predicted polypeptide has a calculated pl of 9.7. 

The DdCKI contained the 12 conserved subdomains of protein 
kinases described by Hanks et al. [34] The N-terminal 300 amino 
acids of DdCKI show more than 50% identity with other CKI 
family members (Figure 1) The greatest stmilarity, when the 
catalytic domains are compared, has been found in Drosophila 
СКІ є (70 95), human CKI e and 8 (71 95) and yeast Hhpl (65%). 

The hydrophilic segment, located downstream of the catalytic 
domain, was difficult to align and corresponded to a poorly 
conserved region among the different family members. The 
DdCKI C-terminal region was extremely rich 1n glutamine, as 15 
the case of yeast ҮсК1 and Yck2 and Hhpl However, stretches 
of glutamine and asparagine are very frequent in D. discoideum 
proteins [35]. 


Analysis of the DdCKI gene 


Southern-blot analysis, performed using the cDNA of clone 1 as 
probe under stringent conditions, gave single bands, suggesting 
that a single gene encodes DdCKI Only when the hybridization 
was performed at low stringency conditions were several bands 
observed, which may correspond to other related genes in 
Dictyostelium (results not shown). A physical map of the gene 


has been constructed using genomic DNA and a combination of 
restriction enzymes (Figure 2A). The enzymes selected did not 
excise or excised only once within the cDNA sequence As can be 
seen in Figure 2(B), the results obtained from the Southern-blot 
analysis indicate the presence of an EcoRI site at the end of the 
coding region. 


Analysis of DdCKI mRNA expression 


DdCKI expression was analysed with total or poly(A)? RNA 
from the different developmental stages of D. discoideum, using 
the cDNA of clone 1 as a probe. As shown in Figure 2(B), there 
was a major message at 2.2 kb. The expression level of the 
mRNA did not change during the developmental programme 
(Figure 2C). 

To determine if the раскі mRNA levels were regulated in the 
different phases of the cell cycle, synchronized cells were used. As 
shown in Figure 2(D), there were no significant changes in 
DdCKI mRNA expression during the cell cycle. 


Antibody to DdCKI recognizes a 49-kDa D. discoideum protein 


In Western-blot assays the polyclonal antibody raised against the 
N-terminal fragment of DdCKI recognized the recombinant 
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Figure 4 Expression and activity assay of DdCKI 


(А) F сой BL21T(DE3) containing plasmid ріуѕ was transformed with the expression vector 
pRSETc-CKI, as descnbed in the Matenals and methods section After induchon for 1 h with 
IPTG, cells were treated with 01 mg/ml nfampicin for the indicated time penods and labelled 
with 0 5 «C of [S]methionine (Amersham) for 5 min The cells were pelleted by centrifugation, 
lysed in sample buffer and analysed by SDS/PAGE and autoradiography Molecular-mass 
markers (in kDa) are shown on the feft, the molecular masses of the recombinant protein and 
of the major degradation products are shown on the nght (B) Recombinant DdCK! containing 
the His, tag was produced purified with Ni?*—agarose chromatography, as described In the 
Matenals and methods sechon, and prepared for SDS/PAGE and Western blotting 1, 
Coomassie Blue staining of SDS/polyacrylamide gel, 2 , immunoblot of sample 1 probed with 
ant-His,-tag antibody, 3, immunoblot of sample 1 probed with ant-CK] antibody; 4, 
autoradiogram of sample 1 incubated in the presence of М” and [y- P]ATP. (C) 
Phosphorylation of casein by DdCK] Recombinant purified СКІ was incubated with [у-5°Р]АТР 
with 5 дй of each putative protein substrate in kinase assay buffer MBP, myelin basic protein 
The phosphorylated proteins were resolved by SDS/PAGE (14% gel) and analysed by 
autoradiography 


protein induced and punfied from bacteria as a maltose- 
binding-protein fusion (Figure 3À). This antibody also recog- 
nized a 49-kDa protein band in Dictyostelium extracts present in 
vegetative cells as well as in late differentiated cells (Figure 3B). 
Moreover, when Dictyostelium protein extracts were separated 
on S-Sepharose, the CK activity eluting at 0.25 M NaCl co- 
migrated with the 49-kDa band (Figure 3C). 

Changes in protein levels during differentiation were not 
detected (Figure 3D). The protein level profile obtained for 
synchronized cells showed a slight decrease in the amount of 
protein after duplication of the cell numbers (Figure 3E). 


Expression of DECKI In E. coll 


It appears that the CKI enzymes may interfere with bacterial 
cellular functions, as it was difficult to achieve high levels of 
DdCKI expression. Two different induction temperatures, 25 °C 
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and 37 °C, were used and no differences in expression were found 
with either Short inductions were performed, because the protein 
was proteolysed at longer induction times, giving rise to several 
defined proteolytic products (Figure 4A). 

The high degree of similarity between DdCKI and other CAT 
isoforms strongly suggested that DdCKI encoded a CKI. To 
confirm this, a recombinant protein with a His, tag was obtained, 
as described in the Materials and methods section. After IPTG 
induction, affinity-purified extracts of cells carrying the DdCKI 
construct contained a 60-kDa protein that reacted with the His,- 
tag antibody and with the anti-DdCKI antibody (Figure 4B). 

When the purified recombinant DdCKI protein was incubated 
in the presence of [y-?*PJA TP, the protein band identified by the 
CKI antibody appeared to be phosphorylated (Figure 4B). We 
then tested several CKI substrates (Figure 4C), and it was found 
that DdCKI phosphorylated casein but not myelin basic protein 
or histone, as was expected. Phosphorylation of the tyrosine- 
containing polymer poly-E,Y, was not detected. The effect of 
heparin and polylysine, with casein as substrate, was tested in 
different experimental conditions. The effect of these two poly- 
cations varied depending on the NaCl concentration in the 
assay, when the NaCl concentration was high (0 1 M), hepann 
and polylysine behaved as slight activators, but when low 
(10 mM) NaCl concentrations were used, heparin inhibited СКІ 
activity and polylysine modified the specificity of CKI for 
phosphorylation of different casein subunits. 


Localization of DdCKI by Immunofiuorescence 


Affinity-purified CKI antibodies were used to study the intra- 
cellular distribution of DdCKI in vegetative D. discoideum 
cells. The labelling specificity was confirmed in experiments 
where immunofluorescent staining was performed with a pre- 
immune serum. Cells treated with secondary antibodies alone 
showed no staining (results not shown). As shown in Figure 5 
both cytoplasm and nucleus were stamed by the antibodies, 
indicating that DàCKI is localized in both cellular compartments. 


Genetic analysis of DdCKI function 


The gene-expression data suggest that the CKI protein might be 
involved in different processes throughout the life cycle of 
Dictyostelium. We have attempted to determine the function 
of the gene in Dictyostelium by either disrupting or over- 
expressing the CKI gene. 

To create a null strain for CKI, Dictyostelium cells were 
transfected with a gene replacement vector containing a BsrS 
cassette, as described in the Materials and methods section. 
Several attempts to obtain blasticidine-resistant clones with the 
CKI gene disrupted were unsuccessful. 

In two independent experiments, seven blasticidine-resistant 
clones were obtained, and no homologous recombination was 
found when analysed by Southern blotting and PCR. Southern- 
blot analysis of one blasticidine-resistant clone (Figure 6A), 
showed that all the bands corresponding to the CKI wild-type 
gene were present (marked with crosses), indicating that the 
blasticidine-cassette containing construct had been inserted at 
different places of the genome. As can be seen in Figure 6(B), the 
clones obtained expressed the blasticidine-resistance gene, as well 
as the endogenous CKI gene. 

A different strategy was adopted to study CKI gene function. 
The complete coding region of CKI downstream of the actin 
promoter was cloned, using the pDXA-HC vector. A similar 
construct was also used with the mutation Lys?? —^ Arg (K38R). 


Y 
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Figure 5 immunolocalization of DdCKI in untransformed (AX-2) cells 


Asynchronous cells were prepared as described in the Matenals and methods section. (a) Cells stained with preimmune serum, (b) cells stained only with affintty-purifted алі-СКІ antibody; (е) 
calls stained with affinity-purified ant-CK! antibody; (d) the same held of calls as in (е) stained with 4,6-dramidino-2-phenylindole The arrowheads indicate the cells that show nuclear staining 
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Lysine-38 is required for activity in other members of the CKI 
family, and has been shown to act as a dominant-negative form 
of the protein. 

Cells resistant to G418 were selected, as described in the 
Materials and methods section. In order to check that the trans- 
fected constructs were expressed in the G418-resistant cells, 
total RNA was prepared and reverse transcription-PCR was 
performed. For the PCR, a sense oligonucleotide designed 
according to the CKI sequence, and an antisense oligonucleotide 
designed according to the vector sequence was used. Several 
clones expressed the construct containing the wild-type sequence, 
but none was obtained containing the K38R mutation after two 
independent transfection experiments (results not shown). The 
clones containing the wild-type cDNA of CKI were verified by 
Northern-blot analysis using cDNA of CKI as a probe (Figure 
TA). 

In order to analyse if a functional protein was being produced, 
cytoplasmic extracts were made from vegetative growing untrans- 
formed cells and cells containing clone 4 expressing the His,- 
СКІ-Мус tagged protein. Extracts containing an equal amount 
of protein were separated on Ni*'-agarose, as described in the 
Materials and methods section. The presence of the recombinant 
protein was assayed using a human Myc antibody. As can be 
seen in Figure 7(B), a protein band of the expected mobility was 
clearly detected in the eluates from the CK I-expressing strain but 
not from the wild-type cells. The ability of the expressed protein 
to phosphorylate casein was assayed by incubating an aliquot of 
these fractions with casein and [y-**P]ATP; the products were 


separated by SDS/PAGE and detected by autoradigraphy (Fig- 
ure 7B). The 150mM imidazole fractions showed casein 
phosphorylating activity which was higher in eluates from the 
His,-CK I-expressing cells than in the control. This result indicates 
that the CKI expressed in the transformed cells is a functional 
protein. Nuclei were prepared from untransformed cells and two 
different transformants and, as can.be seen.in Figure 7(C), the 
overexpressed protein was also found in the nuclear fraction of 
the cell. 

When the phenotype of the cells overexpressing DdCKI was 
examined, no growth or developmental phenotype was observed, 
nor was any difference found in the migration of the slugs 
towards a luminous source. 

The response to DNA-damaging agents, such as cisplatin and 
hydroxyurea, was also examined under conditions known to 
decrease the viability of Dictyostelium cells [36,37]. The trans- 
fected cells showed more resistance than untransfected control 
cells to treatment with hydroxyurea (Figure 7D); no difference 
was found after the cisplatin treatment. 


DISCUSSION 


Using a PCR strategy, we have cloned the first DdCKI. Several 
cDNA clones were isolated and analysed from a cDNA library. 
Sequence analysis of this cDNA indicated that it encodes a single 
reading frame comprising 426 amino acids. Two of the clones 
analysed have a stop codon in the EcoRI cloning site. We believe 
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Figure 6 Southern- and Northern-blot analysis of blastictdine-resistant 
clones 


(A) Genomic DNA from blasticdine-resistant clone 2 was cleaved with various restriction 
enzymes and probed with DdCKI СОМА &coRI (E), Hindili (H), EcoRI + Hindili {E -+ H), ВОЛ! 
(B), E&coRi + BoA! (E+B), Psti (Ps) and EcoRI -- Psti (E+ Ps), Mass markers (in kb) are 
shown on the left (B) Top panels: total RNA (6 ггдЛапе), prepared as indicated in the Materials 
and methods section from various Bsr-resistant clones or from untransformed cells (X2), was 
resolved ол an agarose/formaldehyde gel, transferred to a nylon membrane and probed with 
the cDNA of the BsrS cassette or the cDNA of DdCKI labelled by random priming Bottom 
panels rRNA ts shown as an indicator of gel loading 


that this EcoRI site is a constituent of the gene for two reasons. 
First, Southern-blot analysis indicates that the EcoRI site located 
in the 3’-coding region is a true site and not a cloning artifact. 
Secondly, the size of the protein detected by the antibody 
matches the predicted molecular mass of the coded protein. 
The cDNA described in the present work belongs to the CKI 
protein family. The members of this family share several well- 
conserved motifs, such as LLGPSLEDLF (residues 86—95), 
HIPXR (residues 166-170), EXSRRDD (residues 191—197) and 
LPWQGLKA (residues 213—220). Furthermore, this cDNA lacks 
the APE sequence in subdomain VIII, which is replaced by SLN 
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(residues181—183). All these features are specific for СКІ, and аге 
probably important for protein-protein interactions. 

On the basis of sequence identity, DdCKI is very close to the 
mammalian ё and e isoforms and to the yeast Hhp1, Hhp2 and 
Hrr25, which are assumed to be located in the nucleus. This 
nuclear localization is postulated because of the sequence identity 
and because these isoforms contain a putative ТКК/КОКҮ 
nuclear localization signal similar to the sequence thought to be 
involved in targeting other proteins, such as histone 2B, to the 
nucleus [38]. 

The C-terminal portion of DdCKI is rich in glutamine and 
proline residues. In D. discoideum a repetitive element, composed 
of the codon AAC, is found in developmentally regulated 
transcripts; these AAC sequences can be translated in all three 
reading frames 1n the proteins, giving rise to asparagine (ACC), 
threonine (ACA) or glutamine (CA A) [35]. Other proteins rich in 
glutamine and proline residues are a number of CKIs, such as 
Hri25, Hhpl, Yckl and Yck2, and transcription factors such 
as Spl, PU1 or ТАЕП [39,40]. The function of these regions has 
been analysed in greater detail in transcription factors, where 
they have been shown to be involved in transcription trans- 
activation through interaction with regulatory proteins [39]. 

Our Southern-blot hybridization data suggest that CK J-related 
isoforms might be present in Dictyostelium. This is in agreement 
with our previous biochemical studies, based mainly on the 
chromatographic behaviour, which revealed the presence of 
several CKI isoforms in this organism [23]. 


СКІ Is expressed throughout the whole Не eycla of Dictyostelium 


The results of the Northern-blot analysis performed with RNA 
from differentiated cells show a major 2.2-kb transcript. Two 
species have been detected 1n the rabbit, one of 3.5 kb, which is 
detected in most tissues, and one of 1.9 kb with a high level of 
expression in testis and heart [41]. Several such messages are also 
found in human cells [42]. No changes were detected either 
throughout differentiation or during the cell cycle of Dictyo- 
stelium, suggesting that CKI may have a role in the development 
of the slime mould. In parallel with the expression of DdCKI, 
Western-blot analysis showed that the protein was present 
throughout the differentiation programme of Dictyostelium. 'The 
rat and rabbit СКГ, which are the CKs most similar to DaCKI, 
have a widespread distribution and have been detected in all 
tissues examined [41]. 

Antibodies generated against the N-terminal region of DdCKI 
recognized a 49-kDa protein, which was close to the pre- 
dicted molecular mass based on the cDNA. A protein with the 
same molecular mass was detected when Dictyostelium cell 
extracts were prepared in the presence of high leupeptin concen- 
trations or when cells were directly resuspended in sample buffer 
for Western-blot analysis, which suggests that this 49-kDa protein 
was not a proteolytic product. A wide range of molecular masses, 
ranging from 30 to 60 kDa, has been described for CKI isoforms. 
High-molecular-mass forms have been isolated from nuclei. 
However, the protein mass is not indicative of localization within 
the cell, as the largest CKI isoforms, yeast Yck1 and Yck2 [14] 
and Ckil and Cki2 [16], are cytoplasmic membrane-associated 
proteins, while the human 34-kDa CKīI«œ has been found 
associated to kinetochore fibres ın mitosis [43]. 


раскі expressed in bacterla has CK activity 


DdCKI has been expressed in bacteria, and the recombinant 
protein was very sensitive to proteolysis. The purified recom- 
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Figure 7 Expression of recombinant DdCKI in untransformed (AX2) calis 
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(A) Northern-blot analysis of RNAs (10 zg) isolated from untransformed vegetative cells (AX2) or from three geneticin-resistant clones. cDNA from DdCK] was used as a probe. (В) Wild-type strain 
(AX2) and one Acti5-His, CKI-Myc overexpresser (clone 4) were harvested at 4 x 10° cells/mi and lysed by sonication Soluble extracts containing equal amounts of protein were purified by 
Ni^*—agarose as indicated in the Matenals and methods section Samples of the 150 mM or 300 mM fractions were used for immunoblotting or /n vitro assay Top panels immunoblot probed 
with anti-Myc antibody The mass of the recombinant protein detected by the antibody is shown on the left. Bottom panels samples of the same fractions were used for in vitro phosphorylation 
of casein (C) Nuclei from the wild-type strain (AX2) or from two clones (4 and 15) expressing ectopical DOCK] were prepared as indicated in tha Materials and methods section. Nuclear extracts 
containing equal amounts of protein were used for Western blotting and probed with anti-Myc antibody (D) Vrability assay performed with 100 or 200 mM hydroxyurea (HU) or 100 ИМ clsplatin 
(CIS), as indicated in the Matenals and methods section, using untransformed (AX2) or clone 4 cells The data are the means (4- S.E M ) of triplicates for each treatment, determined by one- 
way analysts of varlanca (‘ANOVA’) and Tukey post-test Control untreated calls == 100% viability “*, significantly different from AX2 cells, P < 001 


binant DdCKI autophosphorylated and phosphorylated casein, 
as expected, and did not phosphorylate basic proteins, such as 
myelin basic protein or histone H1. We have not detected 
phosphorylation of poly-E,Y, under our assay conditions, 
in contrary to the recombinants Hhpl and Hhp2 expressed in 
bacteria [3]. 

Studies on the effect of heparin on the activity of CKI from 
different sources have yielded inconsistent results Inhibition was 
observed in some cases [44], whereas in others exther no effect or 
activation was reported [45]. This also applies to the effect of 
polylysine on CKI activity; polylysine stimulates recombinant 
СК when assayed with D4 peptide, but no effect was detected 
when phosvitin was used as substrate [46]. 

When the effect of heparin on CKI activity was tested using 
casein as the substrate, we observed inhibition or activation 
depending on the salt concentration in the assay; a differential 
effect of polylysine at different salt concentrations was also 
observed. The experiments of Graves and Roach [47], using a 
truncated version of CKI¢é, led them to postulate that the C- 
terminus of CKI4 was critical for the action of heparin, because 
the full-length enzyme was activated by heparin, whereas the 
mutant lacking the C-terminus was insensitive. Based on this 
observation, we suggest that the salt concentration probably 


affects the structure of the C-terminal portion of the enzyme, 
although a change in substrate structure cannot be ruled out. 


Immunolocalization of раскі 


During its vegetative phase, the cellular slime mould D. discoideum 
grows as unicellular, haploid eukaryotic amoebae. Our immuno- 
fluorescence experiments indicate that the endogenous CKI is 
distributed in the cytoplasm and the nuclei of the vegetative cells. 
The overexpressed CKT is also detected 1n both the cytoplasmic 
and nuclear fractions, suggesting that this CKI might be playing 
a nuclear role, as has been proposed for some CKIs of other 
organisms [10,17,48,49]. 


Genetic analysis of DdCK/ 


Our genetic analysis suggests that DdCKI may be an essential 
gene for growth. We were unable to disrupt the gene by 
homologous recombination, and also to express the CKI K38R 
mutant using the same vector that allowed the expression of the 
wild-type protein. This suggests that CKI K38R might indeed be 
acting as a dominant negative, and lends support to the prop- 
osition that CKI might be essential for Dictyostelium. DdCKI 


Ф) 2000 Biochemical Society 


536 G. Moreno-Bueno and others 


could be required to support the vegetative growth of the cells, 
in the same way that Hrr25 protein kinase is important for 
normal growth in yeast [11]. 

The observation that the cells from the overexpressing clone 
were more resistant to hydroxyurea treatment than the wild-type 
ones is consistent with a potential role of this protein in DNA 
repair mechanisms, as is the case in Sch. pombe [12] and Sa. 
cerevisiae [11]. 

One possible role for СКІ would be ın the Wnt signalling 
pathway, since CKIe (72% homology with DdCKI in the 
catalytic domain) has been shown recently to be a conserved 
component of this pathway [9], and is involved in a variety of 
processes, including cell growth and development. Glycogen 
synthase kinase 3, a component of this pathway in metazoa, also 
regulates cell fate during Dictyostelium development. 

We are at present preparing constructs of dominant negative 
and constitutively active versions of DdCKI under the promoters 
specific for stalk and spore genes, with the aim of obtaining 
further information on the potential role of this kinase in cell 
differentiation. 
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Hepatic intralobular mapping of fructose metabolism in the rat liver 
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Detailed mapping of glucose and lactate metabolism along the 
radius of the hepatic lobule was performed in situ in rat livers 
perfused with 1.5 mM lactate before and during the addition of 
5 mM fructose. The majority of fructose uptake occurred in the 
periportal region; 45% of fructose taken up in the periportal 
half of the lobular volume being converted into glucose. Peri- 
portal lactate uptake was markedly decreased by addition of 
fructose. Basal perivenous lactate output, which was derived 
from glucose synthesized periportally, was increased in the 
presence of fructose. During fructose infusion there was a small 
decrease in cell pH periportally, but acidification of up to 0 5 pH 
units perivenously. The evidence suggests that in situ the apparent 
direct conversion of fructose into lactate represents, to a sub- 


stantial extent, the result of periportal conversion of fructose into 
glucose and the subsequent uptake and glycolysis to lactate 
in the pervenous zone of some of that glucose. Р NMR 
spectroscopy showed that the cellular concentration of phos- 
phomonoesters changes very little periportally during fructose 
infusion, but there was an approximate twofold increase 
perivenously, presumably due to the accumulation of fructose 
l-phosphate. It may be inferred that fructokinase activity is 
expressed throughout the hepatic lobule. 


Key words: fructose 1-phosphate, hepatic glucose output, intra- 
cellular pH, lactate uptake. 





INTRODUCTION 


Addition of fructose to rat liver perfusions causes an immediate 
but temporary decrease in hepatic ATP and P, partly attributable 
to the accumulation of fructose 1-phosphate by the action of 
fructokinase (EC 2.7 1.4), degradation of adenine nucleotides to 
IMP and urate [1,2] and a simultaneous fall ш hepatocyte 
intracellular pH (pH,) [3]. Recovery of ATP is rapid but only 
partial, possibly because of irreversible degradation of adenine 
nucleotides. These phenomena have their counterparts in studies 
in man [4,5], and have had important implications for intravenous 
feeding regimes [2] and for the understanding of the metabolic 
disturbance in hereditary fructose intolerance [6]. The principal 
possible fates of fructose 1n the liver are conversion into glucose 
or glycogen, fructolysis to pyruvate and lactate, and oxidation. 
This description of overall events does not take into account 
intralobular metabolic heterogeneity, and the sites within the 
lobule of fructose uptake and conversion into glucose and 
lactate are unclear or controversial [7,8]. The overall fall in pH, 
measured by Р NMR spectroscopy appears to be less than 
when determined using intracellular microelectrodes [3,9]. 

We have described a method [10] for detailed mapping of 
metabolic events and metabolite concentrations along the radius 
of the hepatic lobule in situ in the isolated perfused rat liver. The 
technique does not depend on the preparation of isolated 
hepatocytes from different zones of the lobule, thus avoiding 
changes of metabolite content and loss of polarity and vascular 
relationships during isolation. A further advantage is the facility 
with which reaction sequences which commence periportally and 
are completed perivenously can be investigated. In the present 
study, we have adapted this method to map fructose metabolism 
along the lobular radius to determine whether heterogeneity of 


metabolism could resolve the controversies and anomalies re- 
ferred to above. 


MATERIALS AND METHODS 
Animals 


Male Wistar rats (320 g) fed on standard rat chow were used 
after а 48 h fast. Isolated liver perfusions were set up at 37 °С 
as previously described [11] using erythrocyte- and albumin-free 
perfusate consisting of Krebs bicarbonate buffer [12] gassed with 
95% O,/5% СО, to give pH 7.4. Sodium L(+ )-lactate (1.5 mM) 
was included as exogenous substrate for the liver throughout the 
protocol. The flow rate was 10 ml/min per 100 g of rat. 


Mapping of intralobular fructose metabolism 


In the original method [10], sharply defined lobular destruction, 
in amounts which varied between individual livers, was produced 
by retrograde perfusion of digitonin, followed by resumption 
of antegrade perfusion. The functional and microscopic effects of 
digitonin have been previously summarized [10,13-15]. Briefly, a 
sharply demarcated zone of destruction of hepatocytes, sinus- 
oidal and Kupffer cells, centred on the central venules, is 
produced. The radius of these zones 1s dependent on the duration 
of retrograde digitonin perfusion. There are no effects on zones 
more periportal to the demarcation, since digitonin 1s avidly 
bound on a first-pass basis to membrane cholesterol. The 
metabolic activity or overall metabolite concentration of 
the remaining unaffected part of the lobule, was expressed as 
a fraction of the pre-digitonin value and plotted against the mean 
fractional lobular volume remaining (FVR) unaffected by digi- 
tonin, determined as described in [10]. Curves were fitted to the 
data and transformed to give plots of point-by-point metabolic 


Abbreviations used: pH, intracellular pH, FVR, fractional volume remaining, HGO, hepatic glucose output, PME, phosphomonoesters 
! To whom correspondence should be addressed (e-mail S P Burns@mds qmw ac uk) 


© 2000 Biochemical Society 


540 S. P. Burns and others 


activity or metabolite concentration along the radius of the 
Jobule. In the present study, livers were subjected to retrograde 
digitonin destruction of varying degree. Baseline observations of 
glucose and other metabolite output or uptake, hepatocyte cell 
pH, and ATP in the unaffected part of the lobule were then made 
and plotted against FVR Infusion of fructose was then com- 
menced and the observations repeated. Thus the modification 
consisted of comparisons made during fructose versus baseline 
on previously digitonin-treated livers, rather than before and 
after digitonin. In addition, substrate and metabolite uptake 
and output were expressed in absolute terms, rather than as 
ratios between different phases of the protocol; this modification 
was necessary for interpretation of the data but produces some 
scatter, since variation between livers 1s not completely com- 
pensated for. 

The point of establishment of perfusion was taken as zero 
time The perfusion was non-recirculating throughout. After 
5 min of antegrade perfusion, flow was stopped and digitonin 
(4 mg/ml in Tris buffer, pH 7.4) perfused in the retrograde 
direction at approx. 30 ml/min for times that varied in the 
different livers between 10 s and 2 min. Antegrade perfusion was 
then re-established апа the preparation placed in the bore of the 
NMR spectrometer. Baseline samples of influent and effluent 
perfusate were obtained at 20 min, 25 min and 30 min for 
measurement of pH, Pco,, Po,, glucose, lactate and fructose; a 
baseline spectrum was collected for estimation of pH, mtra- 
cellular P,, ATP and phosphomonoesters (PM Es) over the period 
29—33 min. p-Fructose was then infused to achieve a concen- 
tration in the portal influent of 5 mM over the period 33-45 min. 
Further spectra were collected over the penod 33—45 min in 
4 min blocks (i e. three spectra), together with portal and hepatic 
venous samples at 38 min and 43 min. The liver was then fixed by 
perfusion of approx. 30 ml of 10% formalin. Tissue blocks were 
removed for determination of FVR by semi-automated quan- 
titative histomorphometry, as previously described [9]. 


"P NMR studies 


These were carried out in a Sisco 4.7T NMR spectrometer with 
a horizontal bore and a gradient insert of internal diameter 
120 mm. A pulse repetition time of 0.33 s was used to saturate 
extracellular P, and thus eliminate P, signal from this source, as 
previously described [10]. Chemical shift of the P, resonance was 
referenced both to the a-ATP plus a-ADP peak, and then to an 
external standard of methylene diphosphonic acid placed under 
the liver, the chemical shift of which was used for subsequent 
calibration within each liver, before and during fructose infusion 
[10]. pH, was calculated by reference to a standard curve. NMR 
spectra were interpreted by Lorentzian-line-shape analysis, using 
the FITPLA program [16]. Three singlet peaks were fitted to the 
partially overlapping PME, phosphodiester and P, resonances in 
the baseline spectrum. The analysis was then repeated in the 
spectrum recorded dunng fructose infusion, assuming the par- 
ameters width at half-height and chemical shift were unchanged 
for the phosphodiester peak from the values obtained in the 
baseline spectrum. The methylene diphosphonate and £-ATP 
resonances were analysed in the same way, the width at half- 
height and chemical shift being fixed to the pre-fructose values 
obtained by FITPLA. 


Analytical procedures 


Samples were stored at —20 °C until analysis. Glucose [15] and 
lactate [11] were determined as previously described. Fructose 
was measured enzymically [17] using a modification of a kit 
supplied by Boehringer Mannheim. Pco, and Po, were de- 


© 2000 Biochemical Society 


termined immediately in an Instrumentation Laboratory 1304 
blood gas analyser. 


Calculations 


The balance of glucose, lactate and fructose across the liver was 
calculated using the Fick principle Curves were fitted to the data 
plots of glucose output versus FVR before and during fructose 
infusion, using the Levenburg-Marquandt algonthm [18]. It 
should be noted that each point on these data plots represents 
the change of function or metabolite concentration induced 
by fructose in the whole of the remaining liver unaffected by 
digitonin. The curves fitted to the data plots were then trans- 
formed using the procedure described previously (see Appendix 
1 in [10]) to give point-by-point plots of glucose uptake or output 
before and during fructose infusion against location, defined 
either by fractional lobular volume or fractional radial distance 
from the lobular centre, assuming the lobules to be on average 
spherical. This procedure does not include a scaling factor, which 
is immaterial when point function is described in relative terms 
(as in our previous use of this technique [10,15,21]); however, in 
the present context, in which absolute values of function are 
needed, it requires modification. Appendix 1 ın [10] describes the 
analysis 1n terms of a single lobule. Scaling to liver weight per 
100 g rat weight (eqn. 2 of that Appendix) becomes: 


y, = —(/42)(dF/dx) 


where dF/dx is the slope of the curve fitted to plots of function 
(F) in umol/min per 100 g rat against FVR (denoted as x), and 
y, the point function in units of activity (ymol/min per g) of 
tissue at a point where the fractional volume of the lobule 
periportal to it is x. The minus sign disappears when FVR is 
replaced by fractional volume from the centrilobular vein (Figure 
l, top panel). We have assumed a liver weight in starved rats of 
4.2 g per 100 g rat weight and liver specific gravity of umty. The 
above equation has been used to derive point function per g of 
liver tissue for glucose before and during fructose (Figure 1, 
bottom panel) As in our previous publications using this 
technique [10,15,19], the transformation has been confined to 
data limited by the highest (FVR = 02) and lowest (FVR = 
0.93) degrees of digitonin destruction achieved. Above the 
former limit, extrapolation of the curve is uncertain; below the 
latter limit, the very small volumes of tissue involved, and 
uncertainties caused by the variable size of the central venule, 
inevitably decrease accuracy. Confidence limits for the trans- 
formed curves were derived as ın [10]. The variance/covariance 
matrices for this purpose were calculated using Genstat® [20]. 

It should be emphasized that the fitted curves do not represent 
any preconceived model of metabolic events, but are merely 
vehicles for the transformation procedure. The transformation 
was not attempted for substrates or metabolites other than 
glucose, since the scatter in other variables precluded unam- 
biguous curve fitting. As previously explained [10], it is 1n any 
case not possible to perform the transformation on the pH, data, 
notwithstanding this, it is possible to make some inferences 
about the distribution of pH, and changes in pH, from the data 
plots. 


RESULTS AND DISCUSSION 


Table 1 shows measurements in control livers (no digitonin) of 
the fractional change during fructose compared with baseline in 
P,, PMEs, and estimates of ATP from the resonances of the £- 
phosphorus resonance. It may be seen that a reasonable steady 


Hepatic Glucose Ouput 
(umol.min-!.100g -! body wt.) 





00 01 02 03 04 05 06 07 08 09 10 


Fractional volume remaining 


Fractional radius from centrilobular vein 
10 09 08 07 06 05 03 








Point hepatic glucose output 
(umol.min-!.g-! liver) 


10 09 08 07 06 05 04 03 02 01 00 
Fractional volume from centrilobular vein 


Figure 1 Zonal glucose handling by the perfused rat fiver before and 
daring fructose infusion 


Top panel lactate (15 mM) was present throughout In this and subsequent Figures of this 
type, all data are from the same set of experiments and each pair of points at the same FYR 
represents data from a single liver, before and during fructose infusion Means -- SEM of data 
obtained in control studies in which digitonin was omitted are shown at FVR = 10 (D). Bl, 
A= 6) The best fitting curves are before fructose (4) HGO = 1289+ 
0419(1 — FVR)**—2 061(1 — VR?! and during fructose (О) HGO = 4054+2 465 
(1 —FVR)°®>—1103(1—FVR) All individual data points were used for curve fiting 
Bottom panel transformation of the curves (top panel) to show handling of glucose 
before (B, baseline) and during fructose (F) infusion by hepatocytes according to thelr position 
along the panportalto-perrvenous axis of the hepatic lobule The lower abscissa defines that 
position by indicating the frachonal volume of the lobule more perivenous to й Thus a unit of 
lobular volume fram the central venule of 0 2 indicates the posbon of a cell on a spherical shell 
which has 20% of the lobular volume more pervenous to it Because of spherical geometry, 
the radius of that shell 15 58% of the radius of the whole lobule The upper abscissa 15 expressed 
in terms of radial position from the centre of the lobule Values above and below zero represent 
glucose output and uptake respectively The 95% confidence limits of the transformed curves 
are shown (calculated as described in Appendix 2 in [10]), 


state was obtained in the last two 4 min periods of fructose 
infusion. There was an approximate twofold increase in PME, a 
30% fall in £-ATP, and 25% fall in P, during fructose. 
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Table 1 Fractional change in Р, PME and ATP In Isolated perfused Iiver, 
during 5 mM fructose infusion determined by "P NMR spectroscopy 


Paired tests Indicated that metabolite concentrations were signrhicantly different (P < 0 05) to 
pre-fructose values except P, at 10 min 


Frachonal change in metabolite concentration 
during fructose infusion (means t: S E M., 


Л = 6) 
Fructose infusion period (min) Р PME ATP 
0 1 1 1 
2 071 (008) 1.86 (029) 0.79 (004) 
6 077 (010) 2.24 (0 42) 062 (010) 
10 080 (014) 2 24 (0.35) 066 (009) 





Figure 1 (top panel) plots hepatic glucose output (HGO) 
against the fractional volume of the hepatic lobule remaining 
unaffected after digitonin, before and during fructose infusion. 
In interpreting diagrams of this format, ıt should be borne in mind 
that the data at an FVR of, for example, 0 75 is generated by 
the whole of the lobular volume periportal to the limit of the 
digitonin destruction, which has involved the 25 % of the lobular 
volume more perivenous to that limit. Curves have been fitted to 
the data as described in the Materials and methods section. Since 
hepatic glucose output before and during fructose is measured on 
the same livers, a paired t-test can be done without making 
assumptions about the fitted curves. This establishes that separate 
curves are needed (P < 0.001). 

In whole perfused liver, mean glucose production during 
fructose is 3.1 times greater than baseline (i.e. data at FVR = 
1.0). It may be seen that HGO 1s greater during fructose at FVR 
= 0.75 than at FVR = 1.0, indicating that some of the glucose 
(approx. 1 umol/min per 100 р of rat) generated more peri- 
portally may be taken up by the more perivenous regions; 
therefore when those regions are destroyed, there is an increase 
in net glucose output [15]. In contrast, larger degrees of de- 
struction (leaving smaller FVRs) produce a rapid decline of 
HGO, indicating that the glucose synthesized was derived from 
the more periportal 75% of the lobular volume. 

To obtain a point-by-point map of glucose handling, the 
equations of best fit curves have been used to transform the data 
in Figure 1 (top panel) into a plot (Figure 1, bottom panel) of 
HGO in cells according to their location within the lobule, before 
and during fructose. Thus during fructose, point HGO in the 
extreme periportal region was approximately five times that 
before fructose. Point HGO declines 1n the periportal — peri- 
venous direction until ıt reaches zero both before and during 
fructose, approx. 65% along the radius from the lobular centre; 
this means that the periportal 70% of lobular volume puts out 
glucose. Thereafter, at all points more perivenously, HGO is 
negative during fructose (i.e. glucose uptake 1s occurring), 
reflecting the negative gradient between FVRs of 0.75 and 1.0 of 
the curve fitted to the data during fructose in Figure 1 (top 
panel). The 95 % confidence limits in Figure 1 (bottom panel) in 
the perivenous region encompass zero glucose flux before fruc- 
tose. 

We have previously shown that perivenous glucose uptake 
may occur with lactate as the sole substrate [15]. We have 
postulated that the relatively high concentration of perivenous 
glucokinase activity remaining in starved livers might be re- 
sponsible for perivenous glucose uptake [15]. If glucokinase was 
responsible for this phenomenon then the high S, ,, with respect 
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Figure 2 Fructose uptake plotted against FVR 


Control studies with digitonin omutted (n = 6, means +S EM) are shown at FVR = 10 (1) 
The honzontal line is drawn through the mean fructose uptake In control livers 
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Figure 3 Hepatic lactate uptake before (4) and during (С) the infusion of 
fructose, plotted against the FVR after retrograde perfusion of digitonin 


Contro! studies with digitonin omitted (n = 6, means +S E M) are shown at FYR = 1.0 (0, 
HE) Symbols are as descnbed Figure 1 The horgontal line is drawn through zero lactate 
balance 


to glucose (approx. 8mM), might be expected to result in 
increased perivenous glucose uptake during fructose, when the 
sinusoidal glucose concentration is highest. In this study, sinus- 
oidal glucose concentration reaching the last 30 % of the lobular 
volume was approx. 0.2 mM before and 0.5 mM during fructose. 

Data on fructose uptake using the same format (Figure 2) 
shows considerable scatter, but is most compatible with the major 
uptake of fructose being in the periportal half of the lobular 
volume, since there is no clear change in fructose uptake over 
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a range of destructions over the FVR range of 0.5-1.0. By 
comparing the glucose and fructose data it may be calculated 
that the periportal region converts approx. 45% of fructose 
taken up into glucose. The data below suggest that in the 
periportal region the fate of that fraction of fructose which is 
taken up, but not converted into glucose, is glycogen formation 
and/or oxidation, rather than conversion into lactate. 

Figure 3 shows lactate uptake plotted against FVR, before and 
during fructose infusion. Before fructose, in the intact liver (FVR 
= 1.0) mean lactate uptake was 2.4 umol/min per 100 g of rat; 
small destructions (FVR 0.7—1.0) increase net lactate uptake, so 
that at FVR = 0.75, the best estimate of lactate uptake is approx. 
3.0 umol/min per 100 g of rat. This suggests that perivenous cells 
located in the centrilobular 20% of the lobule may produce 
lactate. Larger destructions (FVR range 0.2-0.8) produce a rapid 
decline in lactate uptake (Figure 3), consistent with the periportal 
site of lactate uptake and gluconeogenesis from lactate previously 
shown [10,15]. 

During fructose infusion in the continued presence of 1.5 mM 
lactate (Figure 3), mean lactate balance across the intact liver 
(FVR = 1) becomes slightly negative, indicating net lactate 
production in most cases (1.е. periportal lactate uptake is exceeded 
by perivenous lactate output). There is a clear separation of the 
data from that obtained before fructose in the FVR range 0.5- 
1.0, with lactate uptake much decreased in the FVR range 
0.4—1.0 compared with that before fructose. A paired t-test 
establishes that lactate uptake during fructose 1s significantly 
different from that before fructose (P < 0.001). The positive 
slope in the FVR range 0.2-0.5 indicates that lactate uptake is 
still occurring, but since that slope is clearly less than in the same 
region before fructose, lactate uptake must be decreased by fruc- 
tose. Linear-regression analysis of the data before and during 
fructose in the FVR range 0.8—1.0, indicates that a stronger trend 
toward a negative slope exists for the data during fructose (P = 
0.07) than for the pre-fructose data (P = 0.23). This data suggests 
production of lactate by perivenous hepatocytes especially during 
fructose infusion, which 1s consistent with the net production of 
lactate during fructose infusion in the intact liver, despite 
continuing periportal lactate uptake. 

Supporting this interpretation are the observations on hepatic 
cell pH,. Figure 4 (top panel) shows pH, derived from the ?!P 
NMR P, peak before and during fructose. It may be seen that 
when FVR is low (i.e. a relatively thin periportal shell of viable 
cells remains), pH, is high (7.6-7 8). This is consistent with our 
previous observations [9], and we have attributed this phenom- 
enon to the high rate of gluconeogenesis from lactate (a proton- 
consuming process [11,21]) in the periportal cells, with lactate as 
sole substrate. pH, in the perivenous region must be lower than 
the values in the region of high FVR in Figure 4 (top panel), 
because the latter values are contributed to by the high pH, of the 
periportal region. It may be noted that the points obtained 
before fructose lie above those during fructose infusion. Figure 
4 (bottom panel) shows the change in recorded pH, (ApH,) 
induced by fructose infusion. At high FVRs there is marked 
lowering of pH, during fructose, whereas at low FVR the change 
in pH, is small, resulting in a significant linear regression of ApH, 
versus FVR (P <001). There must therefore be considerable 
perivenous acidification during fructose, accounting for the major 
part of the fall in pH, during fructose ın the intact liver. The 
substantial fall in pH, perivenously during fructose strongly 
suggests fructolysis and/or glycolysis to lactate 1n this region, as 
inferred from the lactate data above. The lesser fall in pH, 
periportally may be due to the inhibition of gluconeogenesis 
from lactate observed during fructose infusion and its replace- 
ment by gluconeogenesis from fructose, a proton-neutral process. 
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Figaro 4 pHi In the perfused rat Iver after retrograde digitonin destruction, 
before and after fructose Infusion 


Top panel’ pH, in the remalning lobule after digitonin destruction before (€) and during (О) 
fructose infusion, plotted against FYR Means+SEM from contro! studies (digitonin omitted) 
before and dunng fructose are shown at FVR = 10 (C, I) Bottom panel change in pH, 
between the basal and fructose phases, calculated from the data in the top panel, control studies 
with digitonin omitted (л = 6, means S EM) are shown at FVR = 10 (A) 


The above data suggests that generation of lactate plus protons 
is taking place perivenously, in contrast to the situation peri- 
portally. We conclude that under the present conditions the more 
periportal zones convert almost half of the fructose taken up into 
glucose, with the fate of the remainder of the periportal fructose 
uptake being either glycogen synthesis or oxidation, but not 
lactate. The perivenous zones generate lactate plus protons from 
fructose and/or periportally synthesized glucose. Since, as indi- 
cated above, the perivenous uptake of fructose 1s likely to be 
small, 1t seems possible that most of the perivenous lactate 
output is derived from glucose originating periportally from 
fructose. Comparison of Figure 1 (top panel) and Figure 3 
indicates that the perivenous uptake of glucose during fructose 
is more than sufficient to account for the lactate output in this 


Hepatic Intralobular mapping of fructose metabolism in rat liver 543 


region. Although fructose uptake is probably less perivenously 
than periportally, some at least must occur since fructose 
]-phosphate accumulates predominantly 1n the perivenous zone 
(see below). Direct fructolysis within the same hepatocytes 
which originally take up fructose is also a potential source of 
perivenous lactate production. Though this doubtless occurs to 
some extent, its extent might be greatly overestimated by studies 
in mixed suspensions of isolated hepatocytes containing both 
periportal and perivenous cells, or in balance studies across 
whole liver perfusions, in which pathways commence peri- 
portally (e.g. fructose conversion into glucose) and continue 
perivenously (glucose conversion into lactate), might appear 
only as direct fructose conversion into lactate. 

Figure 5 (top panel) shows the fractional change in PME 
during fructose infusion. It may be calculated from the data of 
Woods et al. [1] that approx. 8594 of the increase in PME in 
whole perfused rat liver during fructose is attributable to the 
accumulation of fructose 1-phosphate, so the great majority of 
the PME increase shown in Figure 5 (top panel) is likely to arise 
from fructose 1-phosphate. When FVR is less than 0.5, there is 
very little change in PME, despite the major conversion of 
fructose into glucose in the periportal region. However, at FVR 
0.5-1.0, and in controls (no digitonin), there are substantial 
increases in PME. Since fructose uptake may be less perivenously 
than periportally (Figure 2), these data suggest a relative im- 
pediment to the onward metabolism of fructose 1-phosphate in 
the perivenous region. Previous workers have identified smaller 
increments in PME and little change in pH, using “P NMR 
following fructose administration in rat models of hepatic 
centrilobular necrosis [22]. These observations are consistent 
with our findings that accumulation of PME and decreased pH, 
arise from glucose and fructose metabolism in the perivenous 
zone. 

Figure 5 (bottom panel) shows the plot of fractional change in 
PME against the reciprocal of fractional change in ATP. The 
data shows considerable scatter but has a significant linear 
regression (P < 0.01), suggesting an inverse relationship of PME 
and ATP throughout the lobule. It therefore seems likely that the 
fall in ATP 1s caused by fructose 1-phosphate accumulation as 
previously suggested [1]. 

It can be concluded that fructokinase is expressed throughout 
the liver lobule, since periportal cells convert fructose into 
glucose and PME accumulates perivenously during fructose 
infusion. ' Fructolysis' 1s, however, limited perivenously, perhaps 
because of the intrinsically low expression of fructose 1-phos- 
phate aldolase. Alternatively, the rate of provision of ATP for 
the fructokinase reaction may be limited perivenously by the low 
capacity of that zone for aerobic oxidation [19], leaving glycolysis 
as the main mechanism of ATP provision. Though perivenous 
falls in ATP during fructose might be expected to stimulate 
glycolysis by release of ATP inhibition of phosphofructokinase- 
1, that effect would be offset by the marked fall in pH, їп this 
region (Figure 4) [23]. 

Fructose infusion at low portal concentrations (approx. 
0.4 mM) has been shown to stimulate hepatic glycogen formation 
from glucose in dogs [24], possibly due to the accumulation of 
intracellular fructose 1-phosphate, which ıs known to release 
glucokinase from its regulatory protein at very low concen- 
trations [25,26]. Fructose 1-рһоѕрһаѓе may also contribute to 
glycogen accumulation by inhibition of glycogen phosphorylase 
[27]. Since in livers from 48-h starved rats glucokinase activity 
(and enzyme protein concentration [28]) are markedly concen- 
trated ın the most perivenous cells [15], where the accumulation 
of fructose l-phosphate is greatest (Figure 5), glucokinase 
activation would occur primarily ın those cells and present 
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Figure Б Fractional change In PME during fructose Infusion, and the 
ralationship to AATP 


Top panel fractional change in PMEs (predominantly fructose 1-phosphate) concentration 
during fructose infusion (compared with pre-fructose), plotted against FVR Means-+SE.M of 
the fractional change seen in control studies (л = 6), 16 with no digrtonin destruchon, is shown 
al FVR == 10 (CI) Bottom panel 1/AATP plotted against APME The regression line 15 
T/AATP = 060+ 0 54(APME) 


glucose 6-phosphate for glycolysis to lactate, as well as for 
glycogen synthesis. 

Finally, the present study sheds some light on the relatively 
small changes in pH, during fructose infusion, previously detected 
by Р NMR in whole liver [3]. The NMR-measured changes in 
the present study were rather greater than previously described ; 
however, in whole livers, perivenous acidification would have 
been partially obscured by the lack of change in pH, peniportally. 
The larger falls in pH, observed using pH-sensitive micro- 
electrodes [9] might be purely due to chance impalements of 
perivenous cells, 1n which marked falls in penvenous pH, during 
fructose infusion are suggested by the present data, the apparent 
discrepancy being thus a manifestation of heterogeneity within 
the hepatic lobule. 
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Regulation of BAD by cAMP-dependent protein kinase is mediated via 


phosphorylation of a novel site, Ser’ 


Jose M. LIZCANO', Nick MORRICE and Philip COHEN? 


MRC Protein Phosphorylation Unrt, Department of Biochemistry, MSIAWTB Complex, University of Dundee, Dow Street, Dundee DD1 БЕН, Scotland, U.K. 


The interaction of BAD (Bcl-2/Bcl-X,-antagonist, causing cell 
death) with Bcl-2/Bcl-X, is thought to neutralize the anti- 
apoptotic effects of the latter proteins, and may represent one of 
the mechanisms by which BAD promotes apoptosis A variety 
of survival signals are reported to induce the phosphorylation of 
BAD at Ser? or Ser!*, triggering its dissociation from Bcl- 
2/Bel-X,. SerP* is thought to be phosphorylated by protein 
kinase B (PKB, also called Akt), which is activated when cells are 
exposed to agonists that stimulate phosphatidylinositol 3-kinase 
(PI3K). In contrast, Ser!!? is reported to be phosphorylated by 
mitogen-activated protein (MAP) kinase-activated protein 
kinase-1] (МАРКАР-К 1, also called RSK) and by cAMP- 
dependent protein kinase (PKA). Here we identify Ser!5* as a 
third phosphorylation site on BAD. We find that Ser!*5 18 


INTRODUCTION 


Programmed cell death (apoptosis) is the process by which cells 
destroy. themselves when they are damaged irrepairably by 
exposure to stressful stimuli or infectious agents, or when they no 
longer receive signals from specific survival factors [1]. The 
regulation of apoptosis is critical for many processes, including 
development, the defence against pathogens and the prevention 
of proliferation of transformed celis. Bcl-2 and related cyto- 
plasmic proteins are key regulators of apoptosis [2], and there 
has been much interest focussed upon their regulation over the 
past few years. One member of this family is BAD (Bcl-2/Bcl- 
X, antagonist, causing cell death), a pro-apoptotic protein that 
binds to the anti-apoptotic proteins Bcl-2 and Bcl-X, [3]. This 
interaction 15 thought to neutralize the anti-apoptotic effects of 
Bcl-2/Bcl-X, and may represent one of the mechanisms by which 
BAD promotes apoptosis. 

Zha et al. [4] were the first to report that treating lymphoid 
progenitor cells with interleukin-3 (IL-3) results in the phos- 
phorylation of BAD. This causes BAD to interact with 14-3-3 
proteins instead of Bcl-2 or Bcl-X,, resulting in the liberation of 
these anti-apoptotic proteins, which can then interact with Bax 
to inhibit apoptosis. 

Two sites on BAD, Seri? and Ser?*, were reported to be 
phosphorylated in vivo [4]. Both sites lie in Arg-Xaa-Arg-Xaa- 


phosphorylated preferentially by PKA in vitro and is the only 
residue in BAD that becomes phosphorylated when cells are 
exposed to cAMP-elevating agents. The phosphorylation of 
BAD at Ser!** prevents it from binding to Bcl-X, and promotes 
its interaction with 14-3-3 proteins. We also provide further 
evidence that MAPKAP-K1 mediates the phosphorylation of 
Ser!!? in response to agonists that activate the classical MAP 
kinase pathway. However insulin-like growth factor 1, a potent 
activator of PI3K and PKB does not increase the phosphorylation 
of Seri?! іп BAD-transfected НЕК -293 cells, and nor is the basal 
level of Ser?! phosphorylation suppressed by inhibitors of PI3K. 


Key words: apoptosis, Bcl-2, CAMP, MAP kinase, PKB 


Xaa-Ser/Thr- sequences, which are preferred consensus 
sequences for several protein kinases, including protein kinase B 
(PKB) and mitogen-activated protein (MAP) kinase-activated 
protein kinase-] (MAPKAP-KI, also called RSK) [5,6]. Sub- 
sequently, BAD was found to be phosphorylated at Sert?! by 
PKB (also called Akt) in vitro or when co-expressed with BAD 
in cells [7,8]. This protein kinase is reported to have strongly anti- 
apoptotic effects when constitutively active forms are over- 
expressed and to be activated i vivo when cells are stimulated 
with survival signals that activate phosphatidylinositol 3-kinase 
(PI3K), including IL-3 [9]. 

More recently, activation of the MAP kinase pathway was 
reported to induce the phosphorylation of BAD at Ser!!?. Thus 
BAD phosphorylation induced by IL-3 or granolocyte-macro- 
phage colony-stumulating factor (GMCSF) was partially sup- 
pressed by PD 98059 [10,11], an inhibitor of the activation of 
MAP kinase kinase-] (MKK1) [12] Similarly, the phosphory- 
lation of BAD at Ser!!! induced by brain-derived neurotrophic 
factor (BDNF) in cerebellar granule neurons [13] or by PMA 
(‘TPA’) [14], epidermal growth factor (EGF) [15] or activated 
Ras or Raf [15] in transfected HEK-293 cells, was prevented by 
PD 98059. MAPK AP-K1, which is an immediate downstream 
target of the MAP kinases extracellular-signal-regulated kinases 
(ERKs) 1 and 2, was found to phosphorylate Ser!!! in co- 
transfection experiments carried out 1n 293 cells [13-15]. These 


Abbreviations used BAD, Bcl-2/Bcl-X, -antagonist, causing cell death, BDNF, brain-derived neurotrophic factor, EGF, epidermal growth factor, ERK, 
extracellular-signal-regulated kinase, GMCSF, granulocyte-macrophage colony-stimulating factor, GST, glutathione S-transferase, IBMX, iso- 
butylmethylxanthine, IGF1, insulin-like growth factor-1, IL, interleukin; MAP, mitogen-activated protein, MAPKAP-K1, MAP kinase-activated protein 
kinase-1, MKK1, MAP kinase kinase-1, MSK1, mitogen-and-stress-activated protein kinase-1, NEB, New England Biolabs, PDK1, 3-phosphoinositide- 
dependent protein kinase-1, PI3K, phosphatidylinositol 3-kinase; PKA, cAMP-dependent protein kinase, PKB, protein kinase B, PKC, protein kinase 
C, PKi, specific peptide inhibitor of PKA, PDGF, plateiet-derived growth factor 
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observations suggest that MAPKAP-K1 is the protein kinase 
that mediates the phosphorylation of Ser"* m vivo by stimuli that 
activate the classical MAP kinase cascade. 

cAMP-dependent protein kinase (РКА) was also reported to 
phosphorylate BAD at Ser!!* and to be the major Ser!!? kinase 
associated with a mitochondrial membrane fraction isolated 
from IL-3-stimulated cells. This appeared to be a particular form 
of PKA that was complexed to the PK A-anchoring protein 
(“АКАР”) 84; this protein targets РКА to the mitochondrial 
outer membrane [16]. These observations contrasted with the 
suggestion that the IL-3-induced phosphorylation of Ser!!! was 
mediated by MAPKAP-K1. Moreover forskolin, a cAMP- 
elevating agent, was reported to induce the phosphorylation of 
BAD at Ser!!? in transfected 293 cells [14]. 

Here we report that the major site on BAD phosphorylated by 
PKA in vitro is not Ser? or Ser?$, but Ser!^. Moreover, Ѕег!°°, 
but not Ser’? or Sert, becomes phosphorylated when trans- 
fected 293 cells are stimulated by cAMP-elevating agents. The 
phosphorylation of Ser!** triggers the dissociation of BAD from 
Bcl-2 and Bcl-X, and promotes its interaction with 14-3-3 
proteins. 


MATERIALS AND METHODS 
Materials 


Tissue-culture reagents, EGF and insulin-like growth factor-1 
(IGF1) were purchased from Gibco BRL (Paisley, Renfrewshire, 
Scotland, U.K.); complete protease cocktail and sequencing- 
grade trypsin were from Boehringer (Lewes, East Sussex, U.K.), 
H89, PD 98059, Ro 318220, rapamycin and Zwittergent 3-16 
were from Calbiochem (Nottingham, U.K.), forskolin, isobutyl- 
methylxanthine (IBMX), wortmannin and PMA were from 
Sigma (Poole, Dorset, U.K.), Protein G-Sepharose was 
from Pharmacia (Milton Keynes, U.K.), pEBG-BAD plasmid 
expressing glutathione S-transferase (GST)-BAD was from New 
England Biolabs (NEB) (Hitchin, Herts., U.K.) and [y-?*P]ATP 
was from Amersham (Little Chalfont, Bucks., U.K.). An anti- 
body that recognizes 14-3-3у (SC-73) was obtained from Santa 
Cruz Biotechnology (Santa Cruz, CA, U.S.A.). 


Buffer solutions 


Buffer A comprised 50 mM Tris/HCl, pH 7.5, 1 mM EDTA, 
I mM EGTA, 1% (w/v) Tnton X-100, 1 mM sodium ortho- 
vanadate, 50 mM NaF, 5 mM sodium pyrophosphate, 0.27 M 
sucrose and 0.1 % f-mercaptoethbanol. Cell-lysis buffer was Buffer 
A containing 2 4M microcystin-LR, 0.1 mM PMSF, 1 mM 
benzamidine. Buffer B comprised 50mM Tris/HCl, pH 7.5, 
1 mM EGTA, 0.1% (v/v) f-mercaptoethanol and 0.05% (w/v) 
Brij-35. 


Expression of GST-BAD and His-Bci-X, In Escherichia coll 


A cDNA encoding full-length murine BAD was obtained by 
PCR from a mouse cDNA library and subcloned into a pGEX 
vector by Dr Antonio Casamayor in this Unit. The Ser! + 
Ala/Ser!** — Ala double mutant was generated by using a PCR- 
based site-directed mutagenesis kit (Stratagene) and verified by 
DNA sequencing. The mutant constructs were transformed into 
BL21 DE3 (pLysS) E. coli and the GST fusion proteins purified 
on GSH-Sepharose. Each litre of bacterial culture yielded 1 mg 
of pure GST-BAD. A vector expressing the first 211 residues of 
Bel-X, (lacking the C-terminal hydrophobic region) preceded 
by six histidiné residues [17] was provided by Dr. Paul Clarke, 
Biomedical Research Centre, ‘Ninewells Hospital, Dundee, Scot- 
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land, U.K. This was also expressed in E. coli and purified on 
Ni**-nitrilotriacetate-agarose. Each litre of bacterial culture 
yielded 4 mg of pure His-Bcl-X,. 


Isolation and assay of proteln kinases 


Protein kinases were provided by the members of this Unit 
indicated in parentheses: MAPK AP-K1b (RSK2) purified to 
near homogeneity from rabbit skeletal muscle [18] (Dr N. 
Morrice); the catalytic subunit of PKA purified to homogeneity 
from bovine cardiac muscle [19] (Dr C. Smythe); GST~mitogen- 
and-stress-activated protein kinase-1 (MSK 1) activated by ERK2 
[20] (Dr A. Paterson); His-tagged PK Ba activated by 3-phospho- 
inositide-dependent protein kinase-1 (PDK1; Dr C. Armstrong). 
One unit of protein kinase activity was that amount which 
catalysed the phosphorylation of 1 nmol of phosphate in 1 min 
in the standard assay at 30 °C. MAPKAP-K1, MSKI and PKB 
were assayed using the peptide Gly-Arg-Pro-Arg-Thr-Ser-Ser- 
Phe-Ala-Glu-Gly (Crosstide, 30 4M) and PKA using the peptide 
Leu-Arg-Arg-Ala-Ser-Leu-Gly (Kemptide, 30 4M) 


Tryptic digestion of phosphorytated BAD 


GST-BAD (2 uM) purified from bacterial extracts was phos- 
phorylated by incubation for 90 min at 30 °C with GST-MSK1, 
МАРКАР-КІ, PKA or PKB, each at 10 units/ml! in Buffer В 
plus 10 mM MgCl, and 0.1 mM [y-**PJATP (5000 c.p.m./pmol). 
After denaturation, electrophoresis on an SDS/10% (w/v) 
polyacrylamide gel and Coomassie Blue staining, **P-labelled 
full-length GST-BAD was excised from the gel and digested for 
18 h with 1 ug of trypsin at 30 °C in 0.3 ml of digestion buffer 
(0.05% Zwittergent 3-16 in 50 mM ammonium bicarbonate). 
The digest was centrifuged for 10 min at 13000 g, extracted with 
a further 0.3 ml of digestion buffer and the supernatant, con- 
taining > 90% of the **P radioactivity, chromatographed on a 
С column as described in the Figure legends. 


Production of antibodies that recognize BAD 


Polyclonal antibodies that recognize specific phosphorylation 
sites in murine BAD were raised against the following peptides 
(one-letter code): RSRMSS*YPDRG (Ser™*), RGSRS*APPNL 
(Ser? and RELRRMS*DEFEGS (Ser!*5, where S* denotes a 
phosphorylated serine residue. These peptides were coupled with 
keyhole-limpet haemocyanin, and each injected into a different 
sheep at the Scottish Antibody Production Unit (Carluke, Ayr- 
shire, U.K.). A second injection was made 6 weeks later. After 
a further 2 weeks, serum was withdrawn and affinity-purified by 
sequential chromatographies on phosphopeptide-CH-Sepharose 
and dephosphopeptide-CH-Sepharose. A further antibody that 
recognizes phosphorylated and dephosphorylated BAD was 
raised against the synthetic peptide WORNLGRGSAPSQ, 
which corresponds to residues 162-174 of BAD. The antibodies 
used in the present study may be obtained from UBI (Lake 
Placid, NY, U S.A). 


Cell culture 


НЕК -293 cells and monkey kidney COSI cells were maintained 
in Dulbecco's modified Eagle's medium supplemented with 10% 
(v/v) foetal-calf serum, at 37 °C, in an atmosphere of 5% CO,. 


Transient transfections, stimulation and cell lysis 


Dishes (10 cm diameter) of НЕК -293 cells were transfected with 
10 дв of the pEBG-BAD plasmid (NEB) using a modified 


calcium phosphate gel method [21]. After transfection (24 h), 
cells were serum-starved for 18 h, then stimulated for the times 
indicated with PMA, EGF, IGF1 or forskolin, with or without 
prior treatment for 1 h with PD 98059, U0126, Ro 318220, H89, 
wortmannin, LY 249002 or rapamycin, Each dish of cells was 
lysed in 1 ml of ice-cold lysis buffer, centrifuged at 4°C for 
10 min at 13000 g, and the supernatants frozen immediately in 
liquid nitrogen and stored at —80 °C until use. Protein concen- 
trations were determined [22] using BSA as standard. 


Immunoblotting of BAD 


Extracts of cells overexpressing GST-BAD were fractionated by 
electrophoresis on SDS/10%-polyacrylamide gels and trans- 
ferred to nitrocellulose membranes. Blots were blocked for | h at 
room temperature with 5% (w/v) non-fat dried milk in 20 mM 
Tris/HCl (pH 7.5)/150 mM NaCl/0.1% Tween 20, then in- 
cubated with primary antibody overnight at 4 °C, followed by 
incubation for 1 h with secondary antibody. Finally the blots 
were developed with enhanced chemiluminescence (ЕСТ) re- 
agent (Amersham). All antibodies prepared in the present study 
were used at 0.1 ug/ml. Before use, all phosphospecific anti- 
bodies were preincubated with the dephosphorylated form of the 
relevant phosphopeptide immunogen (10-50 ug/ml). This was 
done to neutralize any antibodies present that might recognize 
the dephosphorylated form of BAD. 


Bcl-X, binding assay 


GST-BAD (1 др) was phosphorylated in vitro by incubation for 
I h at 30°C with or without MSK1, MAPKAP-K1, PKA or 
PKB (each at 10 units/ml) in Buffer B containing 10 mM MgCl, 
and 0.1 mM [y-?*PJATP (500 c.p.m./pmol). The solutions (25 ul) 
were further incubated for 1 h at 4°C with 5 ug His-Bcl-X, 1n 
50 д1 of lysis buffer, and the BAD complexed to Bcl-X, was 
captured on Ni**-nitrilotriacetate-agarose beads. After centrifu- 
gation for 5 min at 13000 g, the supernatants (S) were set aside 
and the pellets (P) washed five times with lysis buffer. The super- 
natants and final pellets were denatured in SDS, and the 
solubilized proteins electrophoresed on SDS/10%-polyacryl- 
amide gels and transferred to nitrocellulose. The membranes 
were autoradiographed and further analysed by immunoblotting 
with the antibody that recognizes phosphorylated and dephos- 
phorylated BAD equally well. 


14-3-3 overiay 


GST-BAD was phosphorylated for 1 h and 30°C in vitro by 
incubation with 10 units/ml of GST-MSK1, MAPKAP-K1, 
PKA or PKB, in buffer B containing 10 mM MgCl, and 0.1 mM 
unlabelled ATP. Samples were denatured in SDS, electro- 
phoresed on а 508/10 % -polyacrylamide gel and transferred to 
nitrocellulose. 14-3-3 overlay assay was performed using the 
mixed ВМНІ and BMH2 isoforms of Saccharomyces cerevisiae 
14-3-3 proteins each labelled with digoxygenin [23]. 


RESULTS 
Phosphorylation of BAD /n vitro by different protein kinases 


МАРКАР-КІ is not the only protein kinase that is activated by 
the MAP kinase family members ERK 1 and ERK2. In particular, 
MSK1 and the closely related MSK2 are also physiological 
substrates for ERK1/ERK2 [20] and are therefore candidates to 
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Figure 1 Separation of the tryptic phosphopeptides m BAD after phos- 
phorylation /n vitro by РКВ, MSK1, MAPKAP-K1 and PKA 


The *P-abelled peptides obtained by tryptic digestion of BAD phosphorylated by the protein 
kinases indicated (see the Materials and methods section) were chromatographed on a 
Vydac 218TP54 Cia column (Separations Group, Hesperra, CA, USA) equilibrated with 
01% trifluoroacetic acid The column was developed with a linear acetonitrile gradient In 0.1% 
influoroacetic acid (dotted lines) The flow rate was 0 8 m/min, and fractions, 0 4 m! each, were 
collected All 240 fractions were counted for ŽP radioactivily (continuous lines) Typically > 
90% af the ¥P radioactivity applied to the column was recovered in the eluted fractions The 
four mayor “P-labeled peptides eluted at fractons 116 (termed T1b), 128 (termed T2), 130 
(termed Т1а) and 158 (termed T3) are indicated No ??Р radioactivity was detected in fractions 
1-100 and 181—240 (results not shown) Similar results were obtained wn three separate 
expenments for (B), (C) and (F) and two experimants for (A), (D) and (E) 


mediate the phosphorylation of BAD at Ser!!*. For this reason, 
we compared the phosphorylation of BAD by MAPKAP-K1 
and MSK1 (Figure 1). 

МАРКАР-КІ (1 unit/ml) or MSK1 (10 units/ml) both 
phosphorylated BAD to about 1 mol/mol of protein after 
90 min. Digestion with trypsin, followed by chromatography on 
a C,, column revealed that MAPKAP-K1 had phosphorylated 
BAD at one major tryptic phosphopeptide termed T3 (Figure 
1A), which was identified by MS (Table 1) and Edman sequencing 
(results not shown), as the peptide comprising residues 110—130 
phosphorylated at Ser™*, as expected. In contrast, MSK1 phos- 
phorylated a distinct tryptic peptide, Tla (Figure 1C), which was 
eluted at almost the same acetonitrile concentration as the single 
tryptic peptide phosphorylated by PKB (10 units/ml), termed 
phosphopeptide T2 (Figure 1D). Peptide T2 was identified by 
MS (Table 1) and Edman sequencing (results not shown) as the 
peptide comprising residues 134—146 of BAD, phosphorylated at 
Ser™® as expected. Surprisingly, however, peptide Tla was found 
not to be identical with peptide T2, but to comprise residues 
153-163 of BAD (Table 1) phosphorylated at Ser!** (Figure 2A). 
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Table 1 Identification of tryptic phosphopeptides isolated from BAD 
phosphorylated with different protein kinases 


The phosphopeptides from Figure 1 were analysed on a Perseptiva Biosystems (Framingham, 
MA, USA) Elite STR matrix-assisted laser-desorption-ronization-dime-of- Eight ( МА ВТОР”) 
mass spectrometer in the linear and reflector mode, using 10 mg/ml-a-cyanocinnamic acid as 
the matrx The astensk (*) indicates a methionine sulphone denvatwe The sequences of 
peptides are Tia and Tib, RMSDEFEGSFK; T2, SRSAPPNLWAAQR, ТЗ, HSSYPAGTEED- 
EGMEEELSPFR 


Mass 
Kinase Phosphopeptide Residues Measured Theoretical 
MSK1 Tia 153—163 1428 49* 1428 59 
Tib 153—163 1428.56" 1428 59 
PKB T2 134—146 1533 58 1533.77 
MAPKAP-K1 Tia 153—163 1428.52* 1428 59 
Ttb 153—163 1428 56* 1428 58 
T3 110-131 2576 80 2577 00 
PKA Tia 153-163 1428 46* 1428,59 
Tib 153-163 1429.63* 1428 59 
T2 134—146 153512 1533 77 
T3 110-131 2576 34 2577 00 





Interestingly, the minor tryptic phosphopeptide phosphory- 
lated by low concentrations of МАРКАР-КІ (1 unit/ml, Figure 
1A) co-migrated with peptide Tla and also comprised residues 
153—163 (Table 1) phosphorylated at Ser™®* (results not shown). 
When the concentration of МАРКАР-К 1 was increased to 10 
units/ml, the phosphorylation of BAD approached 2 mol of 
phosphate/mol of protein, and peptide Tla was now phos- 
phorylated at Ser!** to a much high stoichiometry (Figures 1B, 
2B'and Table 1). The molecular mass of the minor tryptic 
phosphopeptide T1b (Figures ІА, 1B and 1C) corresponded to 
that of Tla in which the methionine at residue 154 was partially 
oxidized to methionine sulphone (Table 1). Peptide Tla is likely 
to correspond to the unoxidized peptide, which becomes oxidized 
after its elution from the C,, column and before its analysis by 
MS. 

The amino acid sequence surrounding Ser!** (Arg-Arg-Met- 
Ser) 1s the preferred consensus sequence for phosphorylation by 
PKA (reviewed in [24], which prompted us to re-examine the 
phosphorylation of BAD by this protein kinase. At 1 unit/ml, 
PKA phosphorylated BAD at one major and one minor tryptic 
phosphopeptide, co-eluting with peptides Tla and T1b respect- 
ively (Figure 1E). MS (Table 1) and Edman sequencing (Figure 
2C) confirmed that both peptides comprised residues 153-163 
phosphorylated at Ser!i*'! At 1 unit/ml PKA there was no 
detectable phosphorylation of Ser’? or- Ser™® after 90 min 
phosphorylation. However, only a low level of phosphorylation 
of peptide T2 (containing Ser??) and trace phosphorylation of 
peptide T3 (containing бег?) was observed when the con- 
centration of PKA was increased to [0 units/ml (Figure 1F). 
Further analysis of the traces of peptide T3 revealed that it was 
a mixture of two phosphopeptides, one phosphorylated at Ser!!! 
and the other at Ser"* (results not shown). The results presented 
in Figures 1(E) and 1(F) were obtained using PKA purified from 
bovine heart in our Unit. However, identical results were ob- 
tained with PKA from porcine heart and bovine heart purchased 
from Sigma (results not shown), the source of the PKA used 
previously by others [16]. The phosphorylation of BAD by 
all preparations of PKA was prevented by inclusion of the 
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Figure 2 Identification of the phosphorylation sites In peptide T1a 


Phosphopeptides Tia from Figures 1(B), 1(C) and 1(F) were sequenced by Edman degradation 
using an Applied Biosystems 492A protein sequencer УР radioactivity released after each 
cycle was measured in a separate experiment by solid-phase Edman degradation of the peptides 
coupled to a Sequelon-AA membrane (Milligen, Bedford, MA, USA) as descnbed previously 
[34] 


specific peptide inhibitor of PKA (PKT) in the assays (results 
not shown). 

Consistent with the results presented 1n Figures 1 and 2, the 
stoichiometry of phosphorylation of BAD by MSK1 (10 
units/ml) was not decreased, and the phosphorylation of BAD 
by PKA (10 units/ml) only decreased from 2 mol/mol to 1 
mol/mol when Ser!!* and Ser'?5 were both mutated to Ala. In 
contrast, phosphorylation by PKB was abolished, as expected 
(results not shown). 


Phosphorylation of BAD at Ser’™ Is stimulated by forskolin, but 
not by PMA, EGF or IGF1 In 293 cells 


In order to study the site-specific phosphorylation of BAD in 
response to different agonists, we raised three different antibodies 
that recognize this protein only when it is phosphorylated at one 
of the three known sites. The specificity of these antibodies is 
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Figure 3 Generation of phosphospecific antibodies against BAD 


(A) Bactenally expressed GST—BAD was incubated for 90 min with MgATP, and either 1 unit/ml 
MAPKAP-K1 or 10 units/m! MAPKAP-K1, or for 90 min with 10 units/ml MSK1 or 10 units/ 
mi PKB, or left unphosphorylated. Aliquots containing 200 ng of BAD were then spotted to 
nitrocellulose membranes and immunoblotted with affinity-purtfied antibodies (0.1 g/m) 
raised against phosphopeptides corresponding to the sequences surrounding Ser!'?, Sert and 
Ser'®, as well as a dephosphopeptide corresponding to residues 162—174 of BAD Each piece 
of nitrocellulose paper was developed simultaneously for the same length of ume using the 
same secondary antibody, and the times of exposure to the film were identica! The strength 
of the signals can therefore be compared directly (B) The experiment was carried out exactly 
as іл (A), except that the antibodies were preincubated before immunoblotting with 0 1 mg/ml 
of an indicated phosphopeptide immunogen used to raise a particular phosphospecific antibody 


demonstrated in Figure 3. The antibody raised against a phos- 
phopeptide corresponding to the sequence surrounding Ser!!! 
recognized BAD only after phosphorylation by MAPKAP-K1, 
but not after phosphorylation at Ser'** by PKB or at Ser!** by 
MSK. (Figure ЗА). The recognition of Ser!!* by this antibody 
was abolished when it was incubated with the phosphopeptide 
immunogen used to raise it, but not when it was incubated 
with the phosphopeptides used to raise the anti-Ser!55 antibody 
(Figure 3B) or the anti-Ser??* antibody (results not shown). The 
specificities of the antibodies raised against phosphopeptides 
corresponding to the sequences surrounding Sert?! and Ser!5 
were established in analogous experiments (Figure 3). These 
antibodies were then used to examine the site-specific phos- 
phorylation of СЅТ--ВАР” in 293 cells. As indicated below, each 
antibody recognized a single 50 kDa protein in the transfected 


cells, corresponding to GST-BAD that was absent in control celis. 


transfected with an empty vector (results not shown). 

In unstimulated 293 cells transfected with GST-BAD, the 
level of phosphorylation of Ser! was low, but increased 
strikingly in response to the adenylate cyclase activator forskolin 
and the cAMP phosphodiesterase inhibitor IBMX (Figure 4A), 
reaching a plateau at 5-15 min (results not shown). In contrast, 


forskolin (with or without IBM X) did not stimulate the phos- - 
phorylation of BAD at Ser!!? or Sert?! up to 30 min using our · 


phosphospecific antibodies (Figure 4). 

Ro 318220 is a bisindoylmaleimide, originally developed as 
an inhibitor of protein kinase C (PKC), but which inhibits 
МАРКАР-К 1 and MSK1 with similar potency to PKC in vitro 
[20,25]. In contrast, PKA and PKB are only inhibited by Ro 
318220 at far higher concentrations [25]. Ro 318220 (5 nM) did 
not affect the forskolin/IBM X-induced phosphorylation of Ser!5* 
(Figure 4B), a concentration that blocked PMA- or EGF-induced 
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Figure 4 Forskolin stimulates the phosphorytation of BAD at Ser™, bat not 
Ser!'* or Sar'™ in 293 celis 


(А) 293 cells transfected with a plasmid encoding GST-BAD were stimulated for the times 
Indicated with 20 aM forskolin-alone or in combination with 10 uM IBMX (В) Prior to stimu- 
lation with forskolin for 30 min, the cells were pretreated for 1 h with 10 дМ H89 or 5 uM Ro 
318220 (D) same as (B), except that the cells were pretreated with 50 4M PD 98059, 100 nM 
wortmannin or 100 nM rapamycin Aliquots of call lysate: (25 ug of protein) were denatured 
in SDS, electrophoresed on SDS/10 S-polyacrylamide gels and, after transfer to nitrocellulose, 
immunoblotted with the four antibodres used in Figure 3 


phosphorylation of Ser!* (see below). H89 is an isoquinoline 
derivative originally. developed as an inhibitor of PKA, but 
which inhibits: MSK1 with similar potency in vitro ([26]; S. 
Davies, H. Reddy and P. Cohen, unpublished work). This com- 
pound (at 10 uM) prevented the forskolin/IBM X-induced phos- 
phorylation of Ser!** (Figure-4B), consistent with phosphoryl- 
ation by PKA. The phosphorylation of BAD at Seri? was not 
suppressed by PD 98059, wortmannin (an inhibitor of PI3K) or 
rapamycin [an inhibitor of the protein kinase ‘mTOR’ (mam- 
malian target of rapamycin)] (Figure 4C). 


Phosphorylation of BAD at Ser Is stimulated by EGF and PMA 


The classical MAP kinase cascade was maximally activated after 
5 min (EGF) or 15 min (PMA), as judged by the activation of 
MAPKAP-K1 (Figures 5A and 5B). EGF and PMA both 
stimulated the phosphorylation of BAD at Ser"* at a rate 
consistent with the rate of activation of MAPK AP-K1 (Figures 
5A and 5B). EGF and PMA did not stimulate the phos- 
phorylation of BAD at Ѕег! or Ser®* up to 30 min (Figure 5). 
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Figure 5 Phosphorytation of BAD at Ser’ by EGF and PMA correlates with the activation of MAPKAP-K1 


293 celis transfected with a plasmid encoding GST—BAD were stimulated for the times Indicated with 100 ng/ml EGF (A) ог 400 ng/ml PMA ( TPA’, (B). MAPKAP-K1 was Immunoprecipitated 
from lysates [35] and assayed as described in the Materials and methods section The activities are presented as means SEM for three separate experiments Aliquots of the call lysate (25 ug 
of protein) were then denatured In SDS, electrophoresed on SDS/10%-polyacrylamide gels and, after transfer to nitrocellulose, immunoblotted with the four antibodies used m Figure 3 


The phosphorylation of Ser"? induced by EGF (Figure 6A} or 
PMA (Figure 6B) was prevented by PD 98059 or by U0126 
(another specific inhibitor of the MAP kinase cascade [27]), but 
not by wortmannin or rapamycin. Ro 318220 completely pre- 
vented the PM A-stimulated phosphorylation of Ser™? at 1 uM 
(Figure 6B). EGF-stimulated Ser“? phosphorylation was un- 
affected at this concentration of Ro 318220, but strongly 
suppressed at 5 uM Ro 318220 (Figure 6A). H89 (10 uM) had no 
effect on the EGF-induced phosphorylation of Ser"? (results not 
shown), consistent with H89 being a much weaker inhibitor of 
МАРКАР-К І than PKA or MSK1 ([26]; S. Davies, H. Reddy 
and P. Cohen, unpublished work). 


Phosphorylation of BAD at Ser™ In transfected 293 cells 15 not 
affected by IGF1 or by inhibitors of PISK 


IGF1 induced a strong activation of PKB in 293 cells that was 
maximal after 5 min, sustained for at least 60 min and prevented 
by the PI3K inhibitor wortmannin [28] (Figure 7). IGF1 did not 
stimulate any increase in the phosphorylation of BAD at Ser!!*, 
Ser?" or Ser!^*, and nor was the basal level of phosphorylation 
of any of these sites in unstimulated cells affected by incubation 
for 1 h with 100 nM wortmannin (Figure 7) or overnight with 
100 uM LY 294002 (results not shown), another inhibitor of 
PI3K. 


Effect of site-specific phosphorylation on the Interactlon of BAD 
with Bci-X, and 14-3-3 proteins 


BAD was phosphorylated in vitro by incubation with Mg[y-**P]- 
ATP and concentrations of MAPKAP-K1, MSK1, PKA and 
PKB that produced near-stoichiometric phosphorylation of 
particular sites. À fivefold excess of His-tagged Bcl-X, was added 
and the proportion of BAD complexed to Bcl-X, was determined 
after pulling down the Bcl-X, on Ni**-nitrilotriacetate-agarose 
(Figure 8A). When BAD was not phosphorylated, it was entirely 
bound to Bcl-X, In contrast, no **P-labelled BAD was bound 
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to Bcl-X, after phosphorylation by МАРКАР-КІ, PKA ог 
MSK], as judged by immunoblotting or autoradiography. How- 
ever, 50% of the **P-labelled BAD was still bound to Bcl-X, 
after phosphorylation to 1 mol/mol with PKB (Figure 8A). 

In a separate experiment, BAD was phosphorylated as 
described above, but with unlabelled ATP. The BAD was 
electrophoresed on a polyacrylamide gel and, after transfer to 
nitrocellulose, the membranes were blotted with digoxygenin- 
labelled 14-3-3 proteins. An interaction with 14-3-3 proteins was 
detected after phosphorylation of BAD by МАРКАР-КІ, 
MSK1, РКА or PKB. No 143-3 binding was detected before 
phosphorylation (Figure 8B). The interaction with 14-3-3 pro- 
teins was prevented by preincubating the 14-3-3 probe with a 
synthetic phosphopeptide corresponding to residues 149-161 of 
BAD phosphorylated at Ser!” (results not shown). 

In order to examine whether agonist-stimulated phosphoryl- 
ation of GST-BAD in 293 cells would induce its interaction with 
endogenous 14-3-3 proteins, we purified the GST-BAD from 
these cells and, after electrophoresis, tested for the presence of 
14-3-3y with a specific antibody. These experiments revealed a 
low level of 14-3-3y associated with GST-BAD from control 
cells, which increased considerably when the cells were stimulated 
with EGF, PMA or forskolin (Figure 8C). The amount of 
14-3-3y was not, however, increased by stimulation with 
IGF 1, consistent with the failure of this agonist to increase the 
phosphorylation of Ѕег! or any other site (Figure 7). 


Comparison of our Ser'"-phosphospecific antibody with that 
produced by NEB 


Our finding that Ser! is the only site that becomes phos- 
phorylated in 293 cells exposed to cAMP-elevating agents (Figure 
4) was in conflict with the results of other investigators who 
reported that forskolin induced the phosphorylation of Ser!!! in 
293 cells transfected with BAD [14]. Since the only obvious 
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Figure 8 Effects of different protein kinase inhibitors on the EGF- and 
PMA-Induced phosphorylation of BAD at Sar! in 293 celis 


293 cells transfected with а plasmid encoding GST—BAD were stimulated for 5 min with 
100 ng/ml EGF (А) or for 15 min with 400 ng/ml РМА ('ТРА', B) Pror stimulation 
with agonist, the calls were pretreated for 1 h with PD 98059, U0126, Ro 318220, wortmannin 
or rapamycin at the concentrations indicated Call lysates (25 ug of protein) were denatured in 
SDS, electrophoresed on SDS/10 &-polyacrylamide gels and, after transfer to ritrocellulose, 
immunoblotted with the antibody specific for BAD phosphorylated at Ser? ('Ser112^) The 
membranes were then stnpped and re-probed with the antibody that recognizes phosphorylated 
and dephosphoryated BAD equally well ( BAD’) 


difference between these studies and our own was the source of 
the phosphospecific antibody, we compared the specificity of the 
anti-Ser!!? antibody made by NEB with our own antibody. 
These studies revealed that the NEB antibody recognized BAD 
phosphorylated by PKB at Ser?* and BAD phosphorylated by 
MSK1 at Ser!^*, albeit more weakly than BAD phosphorylated 
by МАРКАР-КІ at both Ser?* and Ser!” (Figure 9A). In 
contrast, our antibody only recognized Ser!!! under the same 
conditions (Figure 3). 

In order to see whether the lack of specificity of the NEB 
antibody was the cause of the discrepancy, we stimulated BAD- 
transfected 293 cells with forskolin or PMA, and then tested for 
BAD phosphorylation at Ser™*. As expected, our anti-Ser!!! 
antibody recognized BAD only when the cells were stimulated 
with PMA and not when they were stimulated with forskolin. In 
contrast, the anti-Ser!!* antibody from NEB recognized BAD 
after the cells were stimulated with PMA or forskolin (Figure 
9B). The weaker effect of forskolin on ‘Sert? phosphorylation’ 
is similar to that reported by Tan et al. [14] and is consistent with 
the weak recognition of the бег! site by the NEB 'anti-Ser!!!' 
antibody. 
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Figare 7 Phosphorylation of BAD at Ser™ does not correlate with PKB 
activation 


293 calls transfected with a plasmid encoding GST—BAD were stimulated with 100 ng/ml IGF1 
for 5 or 20 min Prior to stimulation with agonist, the cells were pretreated for 1 h with or 
without 100 nM wortmannin, РКВу was immunoprecipitated from 50 ug of cell lysate [36] and 
assayed as described in the Materials and methods section The activities are presented as 
means +S Е М for three separate experiments Cell lysates (25 ug of protein) were denatured 
in SDS, electrophoresed on SDS/10%-polyacryiamide gels and, after transfer to nitrocellulose, 
immunoblotted with the four antibodies used in Figure 3 
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Figure 8 Effect of site-specific phosphorylation on the interaction of BAD 
with Bcl-X and 14-3-3 proteins 


(А) Interaction of BAD with ВСЕХ, This was cared out as descnbed in the Materials and 
methods section The membranes were autoradiographed (lower panels) and further analysed 
by immunoblotting with the antibody that recognizes phosphorylated and dephosphorylated BAD 
equally well (upper panels) (B) 14-3-3 overlay GST—BAD was phosphorylated and processed 
as in (A), but with unlabelled ATP, The 14-3-3 overlays (upper panel) were performed as 
descnbed in the Materials and methods section using the BMH1 and ВМН2 isoforms of 5 
corevisige The membranes were then stnpped and re-probed with the antibody that recognizes 
phosphorylated and daphosphoryated BAD equally well (lower panel} (C) Agonisi-induced 
Interaction of GST~BAD with endogenous 14-3-3y 293 cells were transfected with GST—BAD, 
then stimulated with ЕСЕ (5 min), PMA ( TPA’; 15 min) or forskolin (30 min) or [GF1 (10 min) 
as in Figures 4, 5 and 7 After cell lysis, 20 ug of lysate was Incubated for 1 h with 10 ul of 
packed GSH--agarose. After brief centnfugation, the supernatant was discarded and the beads 
washed four times with 1 ml of Buffer A containing 125 mM NaC! Finally, the pellet was 
denatured in SDS, the solubilized proteins electrophoresed, transferred to nitrocellulose and 
analysed by Immunoblotting with an antibody that recognises 14-3-3» (upper panel), The 
membrane was stripped and re-probed with the same anti-BAD antibody as m (B) (lower panel) 
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Figure 9 Examination of the specificity of the anti-Ser''* antibody sold by 
NEB 


(A) GST-BAD expressed in £ col was phosphorylated for 90 min with MAPKAP-K1, PKB or 
MSK1 (each at 10 units/ml) or left unphosphorylated (CONTROL) Aliquots (200 ng) were 
spotted on to nitrocellulose membranes and immunobiotted with the anti-Ser''? antibody from 
NEB or our ant-BAD antibody that recognizes phosphorylated and dephosphorylated BAD 
equally well, Fach piece of nitrocellulose paper was developed simultaneously for the same 
length of time using the same secondary antibody, and the times of exposure to the film were 
identical The strength of the signals can therefore be compared directly. (B) BAD-transfected 
293 calls were stimulated with PMA (‘TPA’) or forskolin (alone or with IBMX) and, after cell 
lysis, the phosphorytabon of Ser'!? and Ser! was examined by immunoblotting as in Figure 
4, with the ant-Ser'!? antibody from NEB and the ant-Ser''?, antl-Ser and antl-BAD 
antibodies made by our laboratory 





Forskolin 


Figure 10 Forskolin Induces phosphoryfatton of the endogenous BAD at 
Ser™ in COS1 celis 


00571 cells were stimulated for 30 min without or with 20 uM forskolin, then lysed and 200 ug 
of lysate protein was electrophoresed on a SDS/12.5 X-polyacrylamide gel. After transfer to 
nitrocellulose, the membranes were blocked by incubation overnight with the blocking solution 
(see the Materals and methods section) (A) The membranes were immunoblotted for 24 h at 
4 °С with the ant-Ser!® antibody (2 g/ml) before detection with the ECL® system. The 
positions of BAD and the marker proteins glyocgen phosphorylase (97 kDa), serum albumin 
(66 kDa), ovalbumin (43 kDa), carbomc anhydrase (30 kDa) and soybean trypsin inhibitor 
(20 kDa) are indicated (B) same as (A), except that an ant-BAD monoclonal antibody B36420 
(Transduction Laboratones), which detects phosphorytated and dephosphorylated BAD equally 
well, was used for immunoblotting. 
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Phosphorylation of endogenous BAD In COS1 cells 


The analysis of the phosphorylation of BAD in 293 cells described 
so far was carried out using cells in which GST-BAD was 
overexpressed. It was therefore important to extend the work to 
examine whether the much lower levels of BAD present en- 
dogenously in mammalian cells were phosphorylated at Ѕег!%% in 
response to cAMP elevation. After testing many cell lines we 
found that the level of BAD in COSI cells was just sufficient to 
carry out this experiment. These studies showed that forskolin 
stimulates the phosphorylation of endogenous BAD at Ѕег!°% 
(Figure 10A), confirming the results obtained in transfected 293 
cells (Figure 4). 


DISCUSSION 


In the present paper we identify Ser!5 as a novel phosphorylation 
site in BAD. This residue lies in an optimal consensus sequence 
for phosphorylation by PK A (Arg-Arg-Xaa-Ser) and is phos- 
phorylated by this protein kinase at a far higher rate im vitro 
than any other site. Ser? and Ser?* were only trace-phos- 
phorylated, even after prolonged incubation with high concen- 
trations of PKA (Figure 1F). Consistent with these findings, 
Ser was the only one of these three residues that became 
phosphorylated in transfected 293 cells (Figure 4) stimulated 
with the cAMP-elevating agents forskolin and IBM X. Moreover, 
the endogenous BAD in COSI cells was phosphorylated at this 
site in response to the same agonists (Figure 10). Ser!55 is also 
phosphorylated in vitro by MSK1 (Figure 1C) and, at a low rate, 
by МАРКАР-К І (Figures 1A and 1B). However, neither of 
these protein kinases appear to be rate-limiting for the phos- 
phorylation of Ser!” in 293 cells, because Ser!** phosphorylation 
was not induced by stimulation with agonists that activate the 
classical MAP kinase cascade (EGF, PMA) and hence activate 
MSK1 [20] and MAPK AP-K 1 (Figure 5). Similarly, exposure to 
UV-C radiation or to the protein-synthesis inhibitor anisomycin, 
under conditions that strongly activate МК 1 in 293 cells via the 
SAPK2/p38 pathway [20], did not induce any phosphorylation 
of BAD at Ser!*5 (results not shown). 

The specific phosphorylation of BAD’ at Ser!5^ by MSKI in 
vitro (Figure ІС) triggered its dissociation from Bcl-X, even 
more effectively than the specific phosphorylation of BAD at 
бет! by PKB (Figure 8A) and induced a similar interaction with 
14-3-3 proteins (Figure 8B). Moreover, the forskolin-induced 
phosphorylation of BAD at Ser*** promoted its interaction with 
the endogenous 14-3-3y present in 293 cells (Figure 8C), in 
a similar manner to the PMA or EGF-induced phosphorylation 
of Sert! (Figure 8C). Since forskolin stimulates the phosphoryl- 
ation of Ser!^^, but not Ser!!! or Sert?! (Figure 4), this establishes 
that BAD can interact with 14-3-3 proteins when phosphorylated 
at Ser!^5, However, unlike Ser!!* and Sert, Ser!®™ does not lie in 
the sequence Arg-Xaa-Xaa-Ser(P)-Xaa-Pro, which is the canon- 
ical consensus for binding to 14-3-3 proteins. However, there 
are precedents for 14-3-3 proteins binding to phosphorylated 
sequences lacking proline at the 4-2 position. For example, the 
14-3-3 binding sequence in protein tyrosine phosphatase H1, lies 
in the sequence Arg-Ser-Leu-Ser(P)-Val-Glu [29], which is similar 
to that surrounding Ser"? (Arg-Arg-Met-Ser(P)-Asp-Glu). The 
phosphopeptide comprising residues 149-161 prevented the in- 
teraction of Ser!*-phosphorylated BAD with 14-3-3 proteins 
(results not shown), demonstrating that this sequence does indeed 
bind to 14-3-3 proteins. In summary, our results show that the 
phosphorylation of BAD at.Ser!** triggers the dissociation of 
BAD from Bcl-X, and its interaction with 14-3-3 proteins. This 
may contribute to the anti-apoptotic effects of cAMP-elevating 
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Scheme 1 BAD is phosphorylated at different sites In response to agonists that activate distinct signal-transduction pathways 
The sites of action of the kinase Inhibitors used in the present paper are indicated PK? Indicates that phosphorylation of BAD at Ser! in 293 cells is catalysed by a protein kinase that has 


not yet been identified ‘TPA’ Б PMA. 


agents, which have been well documented in several systems, 
including cerebellar granule neurons [30], developing retina [31] 
and neutrophils [32]. 

Our results do not agree with those of Harada et al. [16], who 
reported that Ser? was the major residue phosphorylated by the 
purified catalytic subunit of PKA, purchased from Sigma, and a 
form of PKA associated with a mitochondrial fraction 1solated 
from IL-3-stunulated FL5.12 cells. However, 1n the studies by 
Harada et al., Ser“? was not identified directly, and phosphoryl- 
ation was only inferred from the observation that phos- 
phorylation was greatly reduced if Ser! was mutated to Ala. 
The discrepancy between their results and ours is not explained 
by the source of the PKA, since we found that Ser!^^ was the 
major site phosphorylated with three different catalytic subunit 
preparations, including PKA from Sigma (see the Results sect- 
ion). These observations point to the importance of identifying 
phosphorylation sites directly by isolating and sequencing the 
relevant phosphopeptides, and highlight the potential dangers 
inherent in indirect methods that are based on decreased phos- 
phorylation of mutant proteins. 

Our results also disagree with those of Tan et al. [14], who 
reported that the phosphorylation of Ser!!? in BAD-transfected 
293 cells was stimulated by the cAMP-elevating agent forskolin. 
In the present study, no phosphorylation of Ser! could be 
detected after stimulation by forskolin (Figure 4). This discrep- 
ancy appears to be explained by the anti-Ser!!! antibody used 
by Tan et al. [14], which, in contrast with our antibody 
(Figure 3), recognized BAD phosphorylated at Ser*** and Ѕег!°°, 
as well as BAD phosphorylated at Ser!!? (Figure 9A). Thus, in 
their studies, the forskolin-induced phosphorylation of ‘Ser112’ 


was really measuring the phosphorylation of Ser’ (Figure 9B). 
Although phosphospecific antibodies can be extremely valuable, 
our findings illustrate the potential hazard of relying exclusive- 
ly on such antibodies the specificity of which has not been 
established rigorously. It is also essential to establish that a 
phosphospecific antibody is neutralized by the phosphorylated 
peptide immunogen and not by the corresponding dephos- 
phopeptide. This is not possible with phosphospecific antibodies 
marketed by NEB, since they do not sell the phosphopeptide 
antigen that they use to raise a particular antibody and will noteven 
reveal its identity. 

In the present study we showed that the phosphorylation of 
BAD at Ser™? was stimulated by exposure to agonists that 
activate the classical MAP kinase cascade (EGF, PMA; see 
Figure 5), and similar results were obtained by other investigators 
while our studies were in progress [14,15]. The agonist-induced 
phosphorylation of Ser!!? was prevented by two structurally 
distinct inhibitors of the MAP kinase cascade, namely PD 98059 
(Figure 6) [15] and U0126 (Figure 6). The failure of Tan et al. [14] 
to observe a strong inhibition of PMA-induced phosphorylation 
of Ser!!*, may be explained by the lower concentration of PD 
98059 used in their experiments. The difficulty of completely 
suppressing activation of the MAP kinase cascade by agonists 
that are particularly strong activators of this pathway has been 
discussed previously [12]. The phosphorylation of endogenous 
BAD at Ser!? via the classical MAP kinase cascade has also been 
demonstrated in IL-3-dependent MC9 cells [11] and BDNF- 
stimulated cerebellar granule neurons [13]. 

MAPKAP-K1 is the only identified protein kinase in the 
classical MAP kinase cascade that phosphorylates BAD at Ser!? 
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in vitro [13,14] (Figure 1) and in co-transfection experiments 
[13,14]. In the present study we also showed that the EGF- 
induced phosphorylation of Ser'* ıs strongly suppressed in 
293 cells by 54M Ro 318220 (Figure 6A), a potent ATP- 
competitive inhibitor of MAPKAP-K1 [25], but not by H89 
(10 LM), a weak inhibitor-of this enzyme (results not shown). In 
contrast, forskolin-induced phosphorylation of Ser!^* was sup- 
pressed by 10 nM H89, a strong ATP-competitive inhibitor of 
PKA, but not by 54M Ro 318220, a weak inhibitor of PKA 
(Figure 4B). These studies are' consistent with Ser"? phos- 
phorylation being catalysed by MAPKAP-K1. Ro 318220 at 
1 АМ did not inhibit the EGF-induced phosphoryation of Ser!!?, 
but abolished PMA-induced Ser!!? phosphorylation. This shows 
that Ro 318220 inhibits PKC m vivo at a lower concentration 
than that which inhibits MAPKAP-K1. This, in turn, implies 
that PKC activity is not rate-limiting for the EGF-induced 


activation of the MAP kinase cascade in 293 cells. 


"GST-BAD was phosphorylated at Ser?* in unstimulated 293 
cells, and no agonist was found that could increase the basal 
phosphorylation of this site (Figures 4, 5 and 7). In particular 
IGF 1, a potent activator of PI3K and PKB, had no effect on 
Ser!?* phosphorylation (Figure 7) and did not increase the 
interaction of BAD with 14-3-3 proteins (Figure 8C) in 293 cells. 


` Fang et al. [15] also failed to observe a significant effect of insulin 


or ТОР} on Ser??? phosphorylation in 293 cells transfected with 
BAD. These observations are consistent with those of Scheid and 
Duronio [10], who found that IL-4, a good activator of PKB, 
failed to induce the phosphorylation of the endogenous BAD in 
MC-9 cells. Indeed there are few studies where increased Ser!’ 
phosphorylation of endogenous or transfected BAD has been 
demonstrated convincingly. A small increase in Ser!?* phos- 
phorylation of endogenous BAD was noted by Bai et al. [33] in 
IGFI-stimulated vascular smooth-muscle cells, while Datta et al. 


[7] observed that inhibitors-of PI3K. blocked the hyperphos- 


phorylation of BAD induced by platelet-derived growth factor 
(PDGF) in balb/c 3T3 cells. However, the sites phosphorylated 
in sein to PDGF were not identified in the latter study. 

In summary, the basal level of phosphorylation of BAD at 
Ser* is unaffected by prolonged treatment with inhibitors of 
PI3K in 293 cells; ‘suggesting that an as-yet-unidentified protein 
kinase, distinct from PKB, mediates the constitutive phos- 
phorylation of BAD ‘at this site. MAPKAP-K1 mediates the 
phosphorylation of BAD at Ser!* induced by agonists that 
activate the classical MAP kinase cascade, while PK A mediates 
the phosphorylation of Sert, by agonists that elevate the 
intracellular concentration of cAMP (Scheme 1). Thus BAD 
represents a point of convergence of several different signal- 
transduction pathways that are activated by survival factors 
that inhibit apoptosis in mammahan cells. =’ 
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school, Dundes, Scotland, U K We thank Mrs Agnieszka Kieloch for cell culture and 
Dr Ana Cuenda for many valuable discussions The work was supported by the 
Medical Research Council, The Royal Society and the Louis Jeantet Foundation 
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The human breast carcinoma cell line HBL-100 acquires exogenous 
cholesterol from high-density lipoprotein vla CLA-1 (CD-36 and LIMPII 
analogous 1)-mediated selective cholesteryl ester uptake 

Pirkko J. PUSSINEN*’, Barbara KARTEN”, Andrea WINTERSPERGER*, Helga REICHER*, Mark McLEANT, 


Emst MALLE* and Wolfgang SATTLER*® 
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Aberrant cell proliferation is one of the hallmarks of carcino- 
genesis, and cholesterol is thought to play an important role 
during cell proliferation and cancer progression. In the present 
study we examined the pathways that could contribute to 
enhanced proliferation rates of HBL-100 cells in the presence of 
apolipoprotein 'E-depleted high-density lipoprotein subclass 3 
(HDL,). When HBL-100 cells were cultivated in the presence of 
HDL, (up to 200 ng/ml HDL, protein), the growth rates and 
cellular cholesterol content were directly related to the concen- 
trations of HDL, in the culture medium. In principle, two 
pathways can contribute to cholesterol/cholesteryl ester (CE) 
uptake from HDL,, (i) holoparticle- and (ii) scavenger-receptor 
BI (SR-BI)-mediated selective uptake of HDL,-associated CEs. 
Northern- and Western-blot analyses revealed the expression of 
СТАА -1 (CD-36 and LIMPII analogous 1), the human homologue 
of the rodent. HDL receptor SR-BI. In line with CLA-1 ex- 
pression, selective uptake of HDL,-CEs exceeded HDL,- 
holoparticle uptake between 12- and 58-fold. Competition experi- 
ments demonstrated that CLA-1 ligands (oxidized HDL, oxidized 


and acetylated low-density lipoprotein and phosphatidylserine) 
inhibited selective HDL,-CE uptake. In line with the ligand- 
binding specificity of CLA-1, phosphatidylcholine did not com- 
pete for selective HDL,-CE uptake. Selective uptake was regu- 
lated by the availability of exogenous cholesterol and PMA, but 
not by adrenocorticotropic hormone. HPLC analysis revealed 
that a substantial part of HDL,-CE, which was taken up 
selectively, was subjected to intracellular hydrolysis. A potential 
candidate facilitating extralysosomal hydrolysis of HDL,-CE is 
hormone-sensitive lipase, an enzyme which was identified in 
HBL-100 cells by Western blots. Our findings demonstrate 
that HBL-100 cells are able to acquire HDL-CEs via selective 


- uptake. Subsequent partial hydrolysis by hormone-sensitive 


lipase could provide ‘free’ cholesterol that is available for the 
synthesis of cellular membranes during proliferation of cancer 
cells. 


Key words: cancer cell, cell growth, human scavenger receptor 
class В type IT. 





INTRODUCTION 


Numerous studies have implicated an important role for chol- 
estero] during proliferation and progression of cancer. In prin- 
ciple, rapidly dividing cancer cells have two major possibilities to 
fulfil their need for cholesterol. The cellular requirements can be 
met by either de novo biosynthesis or uptake of exogenous 
lipoprotein-associated cholesterol and cholesteryl esters (CEs). 
In normal cells and tissues de novo cholesterol biosynthesis is 
under tight feedback regulation [1]. It has been suggested that 
this mechanism might be lost during neoplasia (reviewed in [2]), 
probably a reflection of the high cholesterol requirements of 
actively dividing tumour cells. | 

Whereas high levels of high-density lipoprotein (HDL) are 


clearly associated with a decreased risk for developing coronary . 


artery disease (due to HDL-mediated removal of peripheral 
cholesterol), it has been suggested that high levels of HDL are 
associated with an increased risk of breast cancer development 
[3,4]. It has been reported that the proliferation rates of im- 
mortalized human breast cancer cells are increased by the 
presence of HDL in the culture medium, an effect that is more 


pronounced for oestrogen-receptor-positive cells as compared 
with oestrogen-receptor-negative cell lines [5]. 

Cellular uptake of exogenous cholesterol is facilitated by 
lipoprotein receptors, e.g. the ‘classical’ low-density-lipoprotein 
(LDL) receptor and a scavenger receptor of the B class (SR-BI), 
which was recently identified as an HDL receptor in rodents 
[6,7]. The major-mechanisms by which HDL-associated CEs are 
transferred from the lipoprotein to the target cell are funda- 
mentally different from the receptor-mediated endocytosis path- 
way (holoparticle uptake) used for the delivery of LDL chol- 
esterol to the cell. The former mechanism, termed selective 
uptake of HDL-CE, involves HDL binding to a specific receptor, 
transfer of lipids (but not proteins) to the cell, and subsequent 
dissociation of CE-depleted HDL particles from the cell [6]. Once 
HDL-CEs are internalized via the selective-uptake pathway, they 
are rapidly hydrolysed in an extralysosomal compartment [8,9], 
probably by hormone-sensitive lipase (HSL [10]. The major 
expression sites of SR-BI are the liver and steroidogenic tissues, 
in which its expression is regulated by trophic hormones [11-13]. 
The tissue-specific expression of SR-BI reflects its involvement in 
the removal of excess cholesterol from peripheral tissue to the 
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liver (reverse cholesterol transport [14,15]) and as a receptor 
providing cholesterol in the form of CEs for hormone synthesis 
[16]. In more general terms, high SR-BI expression was found in 
a variety of cell models known to use large quantities of HDL- 
derived cholesterol [6,12,17]. Facilitation of bi-directional chol- 
estero] flux ıs one of the unique features of SR-BI [18]. The 
human analogue of SR-BI, CLA-1 (CD36 and LIMPII 
analogous-1), has been identified as a member of the CD36 gene 
family and is widely expressed [19]. Human CLA-I and mouse 
SR-BI are highly similar (79 % amino acid sequence identity) [20] 
and share comparable biochemical functions and ligand-binding 
specificity [6,21,22]. 

To address more directly the role of exogenous HDL on 
proliferation rates of human breast carcinoma cells, we have 
investigated how HBL-100 cells acquire HDL-derived chol- 
esterol. Our data indicate that CLA -1-mediated selective uptake 
of HDL-CEs and subsequent hydrolysis by HSL could provide 
a substantial contribution to the ‘free’ cholesterol pool in rapidly 
dividing HBL-100 breast carcinoma cells. 


MATERIALS AND METHODS 
Cell culture А 


During the present study HBL-100 human breast carcinoma cells 
were used and cultured as described in [23]. HBL-100 cells ex- 
press the oestrogen and the LDL receptors [24]. Briefly, cells 
were grown in Dulbecco’s modified Eagle’s medium (DMEM) 
containing 10% (v/v) fetal calf serum (FCS) or lipoprotein- 
depleted serum (LPDS), 2 mM r-glutamine, 100 units/ml peni- 
cillin and 100 mg/ml streptomycin. Cells were cultured as mono- 
layers in a humidified atmosphere of 95 % air/5 % CO, at 37 °C, 
and transferred or harvested at 70% confluency by addition of 
0.25% trypsin, containing 1 mM EDTA, until the cells could be 
dislodged by tapping. Trypsin was inactivated by the addition of 
a 10-fold excess of fresh DMEM, and the trypsin/medium 
mixture was removed by low-speed centrifugation. Culture 
medium was changed routinely every 2 days. 


Isolation of human plasma lipoproteins 


Human HDL, (HDL subclass 3, d= 1.125-1.21 g/ml; con- 
taining apolipoprotein A-I as the major apolipoprotein) was 
prepared from fresh human plasma from normolipaemic donors 
by ultracentrifugation in a KBr gradient as described in [25]. 
After ultracentrifugation, the lipoproteins were dialysed against 
PBS (10 mM phosphate, pH 7.4, containing 150 mM NaCl) and 
stored at +4°C under nitrogen. The protein content was 
determined according to Lowry et al. [26] using BSA as standard. 


Labelling of lipoproteins 


HDL, was iodinated with Na’**I using N-bromosuccinimide as 
the oxidizing agent [27], resulting in specific radioactivities 
between 200 and 400 c.p.m./ng of protein. Labelling of the 
HDL,-CE moiety was performed with [*H]cholesteryl palmitate 
(PH]Ch,, ,) essentially as described in [28]. Tracer (200 дС in 
toluene) and 140 ug of phosphatidylcholine (in tnchloromethane) 
were dried under N, in a round-bottomed flask (25 ml) and 1 ml 
of PBS (pH 7.4) was added to the flask (flushed with argon), 
which was kept rotating at 37 °C to resuspend the lipids. After 
30 min the flask was sonicated for 10 min under argon in a bath- 
type sonicator and transferred to a Pyrex tube containing 960 ul 
of LPDS and 6 mg of HDL,. The mixture was incubated at 37 *C 
(overnight, under N,). Labelled HDL, was isolated by ultra- 
centrifugation as described above and excess K Br was removed 
by size-exclusion chromatography on PD10 columns (Pharmacia, 
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Vienna, Austria). Specific radioactivities of PH]Ch,, ,-labelled 
HDL, were between 6 and 10 c.p.m./ng of protein. 


Modification of lipoproteins 


LDL and HDL, were oxidized in the presence of Си? as 
described in [29]. Formation of conjugated dienes was assayed 
on-line by the increase in absorbance at 234 nm (within the first 
3h, AA ж 0.8-0.9). After 24 h, oxidation was stopped by the 
addition of EDTA (final concentration, 1 mg/ml). Acetylation 
of LDL was performed as described ш [30]. Briefly, 1 ml of a 
solution containing 2.5 mg of LDL protein was added to 1 ml of 
a solution of saturated sodium acetate with continuous stirring 
on ice. Multiple 2-21 aliquots of acetic anhydride were added to 
the solution containing LDL in 2-41 aliquots within 1 h to give a 
mass 1.5 times higher than that of LDL. The solution was mixed 
for an additional 30 min, and dialysed against PBS. 


Preparation of phosphatidylserine liposomes 


Phosphatidylserine or phosphatidylcholine and cholesterol (all 
stock solutions 10 mg/ml chloroform) were mixed in a 1:1 molar 
ratio, the solvent was evaporated on a Rotavapor and the lipids 
were dried overnight. Tris/HCl (2 ml, 10 mM, pH 8.0, containing 
0.1 M KCI and 1 mM EDTA) was added and kept rotating for 
30 min at 37 °C. This mixture was sonicated for 5 min on ice, and 
dialysed against PBS. The phospholipid and cholesterol contents 
were analysed using commercially available enzymic test kits. 


Determination of cholesterol in cellular lipid extracts 


During all experiments the cells were counted in a haemo- 
cytometer 1n duplicate. After counting, the cellular lipids were 
extracted twice with 500 д1 of hexane/2-propanol (3:2, v/v). 
After centrifugation at 14000 g, 500 wl of the organic phase was 
removed and hydrolysed in KOH [31]. The neutral lipids were 
extracted into hexane, dried and converted into the corre- 
sponding trimethylsilyl ether derivatives [80 д1 of acetone/20 ul 
bis(tnmethylsilyl)trifluoroacetamide сопіанипр 1% trimethyl- 
chlorosilane; 15 min at 50°C]. Lipid extracts without prior 
hydrolysis were processed as described above to determine the 
intracellular unesterified cholesterol content The difference be- 
tween the cholesterol contents of hydrolysed versus non- 
hydrolysed samples should reflect the contribution of selective 
CE uptake to the total cellular cholesterol content. The trimethyl- 
silyl-ether derivatives were analysed by GC and quantified with 
5a-cholestane as an internal standard [32]. 


intracellular hydrolysis of HDL,-CEs 


After incubation of HBL-100 cells in the presence of []H]Ch,, o 
labelled HDL, the cellular lipids were extracted as described 
above, dried under N, and resuspended in 150 ul of the mobile 
phase (hexane/ethanol/acetic acid, 98:1.995:0.005, by vol.). 
The cholesterol and CE contents in the samples were analysed on 
ап EXSi100 silica column (5 um of material, 200 mm x 4.6 mm; 
Activon, Sydney, Australia) at a flow rate of 1 ml/min on a 
Waters HPLC system (Waters, Vienna, Austria). Elution of 
[*H]cholesterol and PH]Ch,, , was monitored by radiometric 
detection (RadioMatic Flow One/Beta; Packard-Canberra, 
Vienna, Austria) at a liquid-scintillator flow rate of 2 ml/min. 


Cell experiments 


Prior to the uptake experiments the cells were preincubated 
(overnight) in DMEM containing LPDS (1095, v/v). Lipo- 
protein-uptake studies were performed in the presence of the 
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Figure 1 Effect of exogenous HDL, оп HBL-100 growth rates and cellular 
cholesterol levels 


(A) Calls (30000) were seeded in 6-well cluster trays and incubated m DMEM containing LPDS 
(10%, IM, @) or in DMEM containing LPDS and 100 ug/ml HDL, (CI, О) At the Indicated 
time points the cells were washed twice wih PBS, trypsin-treated, and counted in a 
haemocytometer (O, @) after 6, 24 and 48 h The cellular cholestero! content was analysed 
by GC pnor to ([1) and after (Il) hydrolysis of the cellular lipids in ethanolic KOH, as 
descnbed in the Materials and methods section Quantftcation was performed using 5a- 
cholestane as an interna! standard (В) Cells (30000) were seeded in 6-well cluster trays and 
incubated in DMEM containing LPDS (10%) In the presence of the indicated conceritrations of 
HDL, After 48 h, cell numbers (@) and the cellular cholesterol content (C, Ml) were 
determined Data shown represent means +: S D. for three Independent expenments 


indicated amounts of iodinated @*J-HDL,) or PHICh,, ,- 
labelled HDL, for the indicated times, the medium was aspirated 
and the cells were washed twice with Tris/HCI (50 mM/150 mM 
NaCl, pH 7.4/2% BSA) and twice with the same buffer without 


BSA. Cells were then lysed in NaOH (0.3 M) and the radioactivity . 


was counted. An aliquot of the hydrolysate was used to determine 
the cellular protein content [26]. In this study “I-HDL, uptake 
is termed holoparticle uptake, while ['H]Ch,, ,-labelled HDL, 
uptake 1s referred to as apparent particle uptake (i.e. the amount 
of lipoprotein uptake that would account for [*H]Ch,, , uptake 
is calculated from the specific radioactivity). This 1s necessary to 
be able to compare the two uptake pathways quantitatively. 
Selective uptake is calculated as the difference between apparent 
particle uptake and holoparticle uptake. 

To determine intracellular hydrolysis rates of [*H]Ch,, ,, the 
cellular lipids were extracted with hexane/2-propanol (2 x 1 ml), 


i 


dried and analysed by HPLC with radiometric detection as 
described above. Competition experiments were performed in 
the presence of the indicated excess of the corresponding com- 
petitor. Binding constants were calculated by non-linear re- 
gression analysis using GraphPad. 


Northern-blot analysis 


RNA was isolated by the RNeasy Midi-kit (Qiagen, Vienna, 
Austria) from 2 x 10° HBL-100 cells. RNA (10 ug) was denatured 
at 65°C for 5 min in sample loading buffer (20 mM Mops/ 
ethidium bromide) and run through 1% agarose/20mM 
Mops/8 % formaldehyde gels (80 V) using 20 mM Mops as run- 
ning buffer. The RNA was transferred to Hybond-N membrane 
(Amersham, Vienna, Austria) overnight in 10x SSC (0.15 M 
NaCl/0.015 M sodium citrate), and fixed for 30s under UV 
light. The membrane was probed with ?*P-labelled full-length 
rat SR-BI cDNA [33] overnight at +62 °C in 50% formamide, 
5 xSSPE (50 mM sodium phosphate, pH 7.4/750 mM. NaCI/ 
5mM EDTA), 0.01% BSA and 1% SDS, and washed in 
0.5 x SSC/0.1 95 SDS at room temperature. The film was exposed 
for 5 days at —70 °C. 


Western-blot analysis 
Analysis of CLA-1 expression 


HBL-100 cells were cultured in a T75 flask and incubated in 
DMEM containing FCS (10%, v/v) or LPDS (10%, v/v) 
overnight. The cells were washed twice with PBS (pH 7.4) 
containing 150mM NaCl, 1mM benzamidine, 20 ug/ml 
leupeptin and 20 ug/ml antipapain and scraped into 500 yl of the 
same buffer. Cells were sonicated on ice (10s, 3 times) and 
centrifuged at 10000 g for 10 min The supernatant (100 sl) was 
mixed with 100 д of sample buffer, heated to 98 °C (3 min) and 
20 ul of the mixture was applied to a SDS/PAGE gel (8%) 
and transferred electrophoretically on to nitrocellulose (150 mA, 
4°C, 90 min). Immunoreactive bands were detected with a 
polyclonal rabbit antiserum raised against a keyhole-limpet 
haemocyanin-coupled peptide corresponding to the cytoplasmic 
15 C-terminal amino acids of SR-BI of the chinese hamster. Due 
to the sequence similarity in the C-terminal portion between SR- 
ВІ and CLA-1, the antibody also cross-reacts with CLA-1. 
Horseradish peroxidase-conjugated goat anti-rabbit IgG was 
used as a secondary antibody and visualization of immuno- 
reactive bands was performed using the ECL? detection system 
(Amersham). 


Analysis of HSL expression 


HBL-100 cells of one T75 flask were washed twice with 1ce-cold 
PBS, scraped, centrifuged at 4000 g (10 min) and the pellets 
frozen at —70 °С, For electrophoresis the cells were resuspended 
in 1200.41" Xf homogenizing buffer (20 mM _ Tris/HC1/0.25 M 
sucrose/1 mM dithiothreitol/1 mM EDTA/1 mM benzamidine/ 
20 ug/ml leupeptin/20 ug/ml antipapain, pH 7.4). Cells were 
lysed by disruption with sonication (10s, 3 times) and the 
homogenate was centrifuged for 10 min at 10000 g. For SDS/ 
PAGE, 50 д1 of SDS buffer and 12.5 ul of 10% SDS were added 
to 50 ul of supernatant, boiled for 5 min, separated on a 7.5% 
SDS gel and transferred on to nitrocellulose as described above. 
For immunoblotting polyclonal chicken anti-rat HSL (a kind 
gift of C. Holm, Department of Cell and Molecular Biology, 
Lund University, Lund, Sweden), rabbit anti-chicken IgG 
(Sigma) and alkaline phosphatase-conjugated affinity-purified 
goat anti-rabbit IgG (Sigma) were used. Homogenized mouse 
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epididymal fat pads containing relatively high concentrations of 
HSL were used as a positive control. 


RESULTS 
Effects of exogenous HDL, on HBL-100 growth rates 


The time- and concentration-dependent effect of exogenously 
added HDL on HBL-100 cell growth is shown in Figure 1. HBL- 
100 cells (30000 cells) were seeded in 6-well trays and incubated 
in DMEM (containing 10 95 LPDS) in the absence or presence of 
human HDL, (100 ug/ml medium) for 6, 24 and 48h. The 
addition of HDL, to the growth medium exhibited pronounced 
growth-stimulatory effects (an increase in cell numbers from 
30000 to 85000 cells; Figure 1À). In contrast, cells cultured in 


LPDS-containing medium without HDL were in growth arrest- 


Also, the cellular cholesterol content was affected by the presence 
of HDL, in the culture medium While the total*cholesterol 
content of cells cultivated in the absence of HDL, increased from 
2.3to 3.8 ug of cholesterol/well (0 versus 48 h), the corresponding 


values for cells cultured in HDL,-containing medium:increased ` 


from 2.4 to 5.0 ug of cholesterol/well (Figure 1A). Proliferation 
rates of HBL-100 cells were dependent on the concentration of 
HDL, present in the culture medium (Figure 1B). Cell numbers 
increased with increasing HDL, content (from 30000 to 68000; 
0-200 ug of HDL,/ml). Also the cellular total cholesterol content 
increased from 3.2 to 4.2 ug of cholesterol/well in a manner 
dependent on the amount of exogenous HDL,. When the cellular 
lipid extracts were analysed for the unesterified cholesterol 
content (i.e. without hydrolysis prior to derivatization and GC 
analysis) we have obtained consistently lower cholesterol concen- 
trations (from 3.13 to 4.0 ug/well). These were, however, stat- 
istically not significantly different from values obtained from 
hydrolysed samples (Figure 1B, open versus filled squares). 
Whether this is a reflection of the relatively low capacity of the 
plasma-membrane bilayer for CE accommodation and rapid 
intracellular hydrolysis is presently not clear. However, from 
these experiments it is evident that the presence of HDL, in the 
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Figure 2 Northem- and Western-blot analyses of CLA-1 and HSL 
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culture medium affects both cell growth and the cholesterol 
content of HBL-100 cells. 


Identification of CLA-1 and HSL by Northern- and Western-blot 
analyses : 


One mechanism that could contribute to HDL-mediated growth 
stimulation is the selective uptake of HDL-CE via CLA-1 and 
subsequent intracellular hydrolysis. This process would result in 
the generation of ‘free’ cholesterol in addition to the endogen- 
ously synthesized pool that could be utilized for the generation 
of new membrane surface area for rapidly dividing carcinoma 


In Northern blots the CLA-1 message was detected as a 2.8-kb 
species in both LPDS- and FCS-incubated cells with similar 
intensities (Figure 2A, lanes 1 and 2, respectively). In Western 


* blots we could detect two bands in lysates of HBL-100 cells that 
^ were precultured in LPDS- (Figure 2B, lane 1) and FCS- 
“containing medium (Figure 2B, lane 2). The apparent molecular 
. masses of the immunoreactive bands were 82 and 78 kDa, 


respectively. The intensities of both bands were slightly higher - 
(approx. 1.5-fold, as evaluated by densitometry) when cells were 
preincubated in LPDS in comparison with FCS. As a positive 
control for SR-BI expression we have used a rat liver homogenate 
(Figure 2B, lane 3). 

One candidate that could facilitate intracellular hydrolysis of 
HDL-CEs which were taken up selectively is HSL. In line with 
intracellular CE hydrolysis within the 6-h time course (see below), 
we could detect a protein with an apparent molecular mass of 
86 kDa using a polyclonal chicken anti-rat HSL as primary 
antibody (Figure 2C, lane 1). The apparent molecular mass of 
mouse fat HSL (Figure 2C, lane 2) was slightly lower (84 kDa), 
in line with data reported for HSL in different species [34]. 


Uptake mechanisms of HDL,-CEs 


In principle, cells can acquire HDL-associated lipids by either 
uptake of intact lipoprotein particles (holoparticle uptake) or a 
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(А) Northern-blot analysis of CLA-1 mRNA expression RNA from HBL-100 cells cultured In DMEM containing LPDS (10%, lana 1) or FCS (10%; lane 2) was Isolated, transferred to a Hybond 
membrane, and probed with а “P-labelled full-length rat SR-BI cDNA as described in the Matenals and methods section. The migrations of 28 5 and 18 S ribosomal RNAs are indicated (B) 
Western-biot analysis of CLA-1 expression. HBL-100 proteins were separated on an SDS/PAGE gel (8%) under reducing conditions and transferred to nitrocellulose CLA-1 was identrhed using 
a rabbit polyclonal antiserum (dilution, 1.1000) raised against a peptide corresponding to amino acids 496—508 of SR-BI After addition of a peroxidase-conjugated goat ant-rabbit IgG (1.2000), 
Immunoreactive bands were visualized with the ECL system. Prior to immunoblotting expanments,HBL-100 cells were cultured ovemught in DMEM contalning LPDS (10%, fane 1) or FCS (10%, 
tana 2). A rat liver homogenate was mefuded as a positive SR-BI control (lane 3). Visualizabori was performed with the ECL method (C) Western-blot analysis of HSL expression. HBL-100 cells 
were lysed as described in the Materials and methods section, separated on an SDS/PAGE gel (7.5%), and transferred to nitrocellulose Western-blot analysis was performed with a polycional 
chicken anti-rat HSL primary antibody, followed by rabbit anti-chicken IgG and alkaline phosphatase-conjugated affinity-purtfied goat ant-rabbit IgG as secondary antibodies. Prior to Western blotting, 
HBL-100 cells were cultured overnight in DMEM containing FCS (lane 1) An Infranatant of a homogenized mouse epididymal fat pad was used as positive HSL control (lana 2) For (B) and (D), 


the positions of the molecular-mass markers are indicated, 
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Figure 3 Uptake (A) and intracellular hydrolysis (B) of HDL,-CE 


(A) HBL-100 calis were seeded on 6-well plates and grown in DMEM/10% LPDS for 24h 
before additron of HDL, The calls were then incubated for 6 h in the presence of increasing 
concantrations of '*1-HDL, or (*H]Ch,, labelled HDL, in the absence or presence of a 10- 
fold excess of HDL, to differentiate between specific and non-specific uptake Holoparticie, 
apparent particle and selective uptake was calculated as described In the Materials and methods 
Sechon After 6 h the тейит was removed and the cells were washed, and analysed for 
radioactivity as described in the Materials and methods HDL, uptake was calculated from the 
specific radioactivitres (c p m /ng of protein) of the lipoprotein. preparahons and the celb 
associated radioactivily The inset shows uptake of "I-HDL, with the yaxis drawn on a smaller 
scale (0—0 1 gg/mg of cell protein), and the x axis the same as the larger graph Results shown 
are specrhc uptake data and represent mean values +S D from thres independent experiments, 
(B) HBL-100 celis were grown on 6-well plates for 24 h in DMEM containing LPDS and 
Increasing amounts of [°H]Ch,, glabelled HDL, were added to the medium The cells were 
incubated for 6 h, washed, extracted and analysed for radioactive CE and cholesterol by HPLC 
with radiometric detechon as described in the Materials and methods sechon Data shown 
represent means +S D. for three independent experiments 


combination of holoparticle-dependent and holoparticle-inde- 
pendent (selective) uptake. To compare the relative contribution 
of holoparticle and selective HDL-CE uptake with total CE 
uptake, HBL-100 cells were incubated in the presence of in- 
creasing concentrations of MSIT-HDL, and PHI]Ch,, ,-labelled 
HDL,. Results of these experiments are shown ın Figure 3(A). 
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Figure 4 Competition of HDL, uptake by HBL-100 calls 


HBL-100 cells were grown on 6-well plates for 24 h in DMEM containing LPDS before the com- 
petition experiments To each well, 10 ug of [*H]Chy, labelled HDL, together with the 
indicated molar excess of competitors was added. The excess of phosphahdyisenne (PS) and 
phosphatidyicholine (PC) liposomes was based on the phospholipid content of HDL,. After а 
6-h incubation the cells were washed, tysed and the radioactivity was measured on a #-counter 
Data shown represent means for three Independent experiments (for more clarity error bars ere 
not displayed, SD < 11%) oxHDL and oxLDL, oxidized HDL and LDL, acLDL, acetylated LDL 


“HDL, holoparticle uptake provided only a small contribution to 


total HDL,-CE uptake (between 2 and 8%), with a higher con- 
tribution at lower HDL, concentrations. Calculation of binding 
constants for “I-HDL, by non-linear regression analysis re- 
vealed a K, of 28 ug of total HDL,/ml (1.4 x 107* M) and a B pax 
of 220 ng of total HDL,/mg of cell protein. The remaining HDL,- 
CE uptake was attributable to selective uptake, exceeding 
HDL, holoparticle uptake by between 12- (2.5 ug/ml HDL,) and 
58-fold (50 ng/ml HDL,). These findings underline the pro- 
nounced capacity of HBL-100 cells for selective HDL-CE uptake. 

To investigate the intracellular fate of HDL,-CEs taken up via 
the selective-uptake pathway, cells were incubated in the presence 
of PH]Ch,, ,-labelled HDL,, and the cellular lipids were extracted 
and analysed by HPLC with radiometric detection as outlined in 


- the Materials and methods section. As can be seen from Figure 


3(B), HBL-100 cells acquired [*H]Ch,, , ш a dose-dependent 
manner 1n a near-linear process (1100-30000 c.p.m.). Part of the 
HDL,-CE, which was taken up selectively, was subjected to 
intracellular hydrolysis, producing [*H]cholesterol. Intracellular 
hydrolysis was dependent on the amount of HDL, present in the 
culture medium and decreased from 45 (2.5 ug) to 13 % (50 ug) 
of total cell-associated ['H]Ch,, o Thus, selective uptake of 
HDL,-CEs results in intracellular accumulation of unesterified 
cholesterol within the 6-h incubation period studied here. 


‘Uptake specificity of HDL,-CEs by HBL-100 calls 


To verify further that CLA-1 is responsible for selective HDL- 
CE uptake by HBL-100 cells, we have performed a series of 
competition experiments with native and modified lipoproteins 
that are known substrates for CLA-1 (Figure 4). The most 
efficient competitors for HDL,-CE uptake were oxidized LDL 
and HDL (> 50% inhibition at a 10-fold excess of competitors), 
followed by acetylated LDL (5095 competition at a 100-fold 
excess). As anionic phospholipids like phosphatidyiserine are 
also ligands for CLA-1, we have included phospholipids in these 
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Figure 6 Regulation of HDL,-CE uptake 


HBL-100 cells were incubated overnight on 6-well plates in DMEM containing FCS (10%; v/v) 
or LPDS (10%; v/v) or DMEM/LPDS containing adrenocorticotropic hormone (ACTH, 1 дМ) or 
PMA (100 nM) To each well, 20 ug of ['H]Ch,, labelled HDL, was added, the cells were 
incubated for 6h, washed, lysed and counted in a A-counter Data shown represent 
means +S D for three independent experiments. * P « 0.001, calculated by the Student's / test 
of independent samples , FOS versus LPDS, ACTH, PMA. The insert shows Western-bkx analysis 
of CLA-1 protein expression after the corresponding treatments (with FCS, LPDS, ACTH and 
PMA) 


competition studies. Phosphatidylserine competed for approx. 
80% of selective HDL,-CE uptake, whereas the addition of 
phosphatidylcholine did not impair selective HDL,-CE uptake. 
This latter result is also indicative for CLA-1-mediated selective 
uptake of HDL,-CE by HBL-100 cells. 

It has been suggested that cellular levels of free cholesterol 
regulate SR-BI expression via a feedback loop [35]. To test 
whether HDL,-CE uptake by HBL-100 cells is regulated by the 
cholesterol content of the medium, cells were preincubated in 
DMEM containing either FCS or LPDS (Figure 5). Incubation 
in LPDS-containing medium significantly up-regulated HDL,- 
CE uptake (1280 versus 1650 ng/mg of cell protein; FCS versus 
LPDS conditions), findings in line with sterol-regulatory- 
element-binding protein (SREBP)-la-regulated transcription 
of the SR-BI gene [36]. We have also investigated the effects of 
adrenocorticotropic hormone (ACTH) and PMA (Figure 5) on 
the efficacy of HDL,-CE uptake by HBL-100 cells, since both 
agents are known to regulate SR-BI and CLA-1 expression 
[21,35]. While ACTH was without effect, PMA treatment of the 
cells significantly reduced the capacity for HDL,-CE uptake 
(1330 and 668 ng/mg of cell protein; ACTH and PMA, re- 
spectively). The inset of Figure 5 shows Western-blot analysis of 
membrane-protein fractions obtained from the correspondingly 
treated cells, Densitometric evaluation of immunoreactive bands 
revealed that CLA-1 was up-regulated by LPDS and down- 
regulated by PMA (inset to Figure 5, lanes 2 and 4, respectively), 
reflecting the findings for HDL-CE uptake. In contrast, ACTH 
treatment up-regulated CLAÀ-1 expression (Figure 5 inset, lane 
3); however, this was not accompanied by increased uptake of 
HDL,-CE. 


DISCUSSION 


In the present study we have investigated whether human HBL- 
100 cells acquire cholesterol from exogenous human HDL via 
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the selective-uptake pathway. From our results 1t is conceivable 
that CLA-1-mediated selective uptake of HDL-CE and sub- 
sequent hydrolysis by HSL could contribute significantly to an 
accessible ‘free’ cholesterol pool. This pool might be used for the 
generation of new membrane surface area by rapidly dividing 
tumour cells or facilitate intracellular signalling pathways 
involved in the regulation of cell proliferation [37]. 

A number of studies have reported that cancer cells and solid 
tumours take up LDL more effectively than normal tissues 
(reviewed 1n [38], which is probably a reflection of a higher 
cholesterol demand of dividing cells in contrast with differentiated 
cells. On the other hand, some tumours do not internalize great 
amounts of LDL. Thus it has been suggested that is important to 
show not only binding but also internalization of LDL [38]. 
While this is certainly true for LDL-based drug-targeting studies, 
the demonstration of internalization might be insufficient re- 
garding cholesterol utilization by tumour cells. As a result of 
selective LDL-CE uptake (e.g. [39,40], the utilization of LDL- 
derived cholesterol/CEs might be underestimated by the analysis 
of LDL holoparticle internalization. 

It is interesting that HDL-derived cholesterol has received 
much less attention. This might be due to the fact that an 
HDL receptor was identified only recently [6]. In these studies, 
it was demonstrated that SR-BI mediates selective uptake of 
HDL-CE, ıs expressed in a tissue-specific manner and is under 
tight hormonal regulation [16]. The human homologue of 
SR-BI, CLA-1, shares ~ 8094 amino acid similarity with SR-BI, 
mediates comparable functions as does the rodent receptor 
[21,22], and is expressed predominantly in human tissues per- 
forming very active cholesterol turnover, i.e. the liver and 
steroidogenic tissues [22]. During the present study with HBL- 
100 cancer cells we have observed exceptionally high selective 
uptake of HDL-CEs. In our experiments selective HDL-CE up- 
take exceeded HDL holoparticle uptake by between 12- and 58- 
fold. In contrast with I-HDL, holoparticle binding, selective 
HDL,-CE uptake was not a saturable process, a phenomenon 
consistently observed during different studies (e.g. [6,41,42]). 
This might be a reflection of a continuous CE influx into the cells 
fuelled by dissociation of CE-depleted HDL particles from, and 
rebinding of HDL particles with 'normal' CE content to, 
CLA-1. 

Northern- and Western-blot analyses have verified that HBL- 
100 cells express CLA-1, the human receptor facilitating selective 
HDL-CE uptake (see above). Although we could detect only a 
single 2.8-kb RNA species in Northern blots, Western-blotting 
experiments revealed other immunoreactive bands with mol- 
ecular masses of 82 and 78 kDa. It is presently not clear whether 
or not this 1s a reflection of alternative mRNA splicing of a single 
precursor transcript, as reported for SR-BI/SR-BII biosynthesis 
[41,43]. The specificity of selective HDL-CE uptake by HBL-100 
cells is similar to the ligand-binding specificity described for 
CLA-1 [21,22]. Selective uptake of HDL-CEs was up-regulated 
by depletion of intracellular cholesterol pools and down- 
regulated by PMA treatment, findings in line with SR-BI 
expression reported for hepatocytes [13,42] and CLA-1 ex- 
pression by human monocytic THP-1 cells (21], respectively. 

According to our findings, selective uptake of HDL-CEs via a 
CLA-1-mediated pathway could indicate the first step in pro- 
viding cholesterol to HBL-100 cells, probably in a similar manner 
to that suggested for developing embryonic tissues [44]. However, 
it is clear that CEs must be hydrolysed by an intracellular 
esterase to be available for incorporation into newly formed 
membranes. CEs that have been taken up via the selective-uptake 
pathway are hydrolysed in an extralysosomal compartment, 
probably the cytosol [8,9]. One potential candidate that could 


facilitate CE hydrolysis after selective uptake 1s the neutral, 
multifunctional esterase HSL [45]. In addition to triacylglycerol 
lipase activity, HSL mediates neutral CE hydrolase activity 
[10,45]. Co-expression of high levels of SR-BI [6] and HSL [46] 
in steroidogenic tissues could reflect a functional relationship 
between these proteins in tissues with high cholesterol-turnover 
tates. The expression of HSL by HBL-100 cells could provide a 
plausible explanation for the relatively high intracellular hydro- 
lysis rates of internalized CEs. Whether this is a reflection of 
a comparable inter-relationship between selective CE uptake via 
CLA-1 and subsequent hydrolysis by HSL in cancer cells remains 
to be established. It 1s important to note that a number of 
oestrogen-receptor-positive and oestrogen-receptor-negative hu- 
man breast cancer cell lines express the peripheral-type benzo- 
diazepine receptor (PBR) [37]. PBR facilitates transport of 
unesterified cholesterol into the nucleus, an observation 
associated with increased cellular proliferation rates of MDA- 
231 breast cancer cells [37]. As outlined in [37], it is not clear 
whether PBR-mediated cholesterol transport into the nucleus 
involves signalling via SREBPs. 

An important question ansing from our study is whether or 
not CLA-1 expression could be used for lipoprotein-mediated 
drug targeting in a similar manner as reported for the LDL 
receptor (reviewed in [38]). Lipoproteins and apolipoprotein- 
containing liposomes are applied as potential delivery systems 
for anti-tumour agents [47,48]. Lactosylated reconstituted HDL 
particles have been reported to be potential drug-carrier vehicles, 
which are subjected to hepatic uptake via the asialoglycoprotein 
receptor [48]. Incorporation of an elliptintum derivative into 
LDL improved the potency of this drug against B16 melanomas 
in mice [49]. As CLA-1 is a multi-ligand receptor, 1t could be 
useful to study HDL-mediated delivery of hydrophobic cytotoxic 
drugs which have a structural relationship to CEs. 

There is general agreement that high HDL concentrations are 
associated with a decreased risk of the development of coronary 
artery disease [50], a process mediated in part by SR-BI 
[42,51-54]. However, the situation is less clear with regard to 
circulating HDL levels and the risk of developing breast cancer, 
a leading cause of death of women in Western societies. Some 
authors have reported an association between high HDL chol- 
esterol and the incidence of breast cancer [3,4], a fact that is 
possibly related to oestrogen metabolism [55]. This could be a 
reflection of cholesterol supply via selective HDL-CE uptake 
(serving as precursors for hormone synthesis) or the result of 
other signalling pathways mediated by HDL [56,57]. 
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Novel application of S-nitrosoglutathione—Sepharose to identify proteins 
that are potential targets for S-nitrosoglutathione-induced 


mixed-disulphide formation 


Peter KLATT', Estela PINEDA MOLINA, Dolores PÉREZ-SALA and Santiago LAMAS 
Department of Estructura y Función de Proteínas, Centro de investigaciones Biológicas, Inshtuto Relna Sofía de Investigaciones Nefrológicas, 


Consejo Superior de Investigaciones Científicas, Velázquez 144, E-28006 Madrid, Spain 


Site-specific S-glutathionylation is emerging as a novel mech- 
anism by which S-nitrosoglutathione (GSNO) may modify 
functionally important protein thiols. Here, we show that GSNO- 
Sepharose mimicks site-specific S-glutathionylation of the tran- 
scription factors c-Jun and p50 by free GSNO in vitro. Both c- 
Jun and p50 were found to bind to immobilized GSNO through 
the formation of a mixed disulphide, involving a conserved 
cysteine residue located in the DNA-binding domains of these 
transcription factors. Furthermore, we show that c-Jun, p50, 
glycogen phosphorylase b, glyceraldehyde-3-phosphate dehydro- 
penase, creatine kinase, glutaredoxin and caspase-3 can be 
precipitated from a mixture of purified thiol-containing proteins 
by the formation of a mixed-disulphide bond with GSNO- 
Sepharose. With few exceptions, protein binding to this matrix 
correlated well with the susceptibility of the investigated proteins 


to undergo GSNO- but not diamide-induced mixed-disulphide 
formation ín vitro. Finally, it is shown that covalent GSNO— 
Sepharose chromatography of HeLa cell nuclear extracts results 
in the enrichment of proteins which incorporate glutathione in 
response to GSNO treatment. As suggested by DNA-binding 
assays, this group of nuclear proteins include the transcription 
factors activator protein-l, nuclear Ѓасіог-кВ and cAMP- 
response-element-binding protein. In conclusion, we introduce 
GSNO-Sepharose as a probe for site-specific S-glutathionylation 
and as a novel and potentially useful tool to isolate and identify 
proteins which are candidate targets for GSNO-induced mixed- 
disulphide formation. 


Key words: affinity chromatography, cysteine, glutathionylation, 
nitric oxide, nitrosothiol. 





INTRODUCTION 


The ubiquitous signalling molecule NO has been implicated in 
the regulation of key functions in the immune, cardiovascular, 
and nervous system [1]. The main source of NO in mammalian 
cells is the enzymic oxidation of L-arginine to L-citrulline and 
NO by NO synthases [2]. Alternatively, NO may be produced 
in ischaemic tissues by non-enzymic transformation of nitrite [3]. 
The reactivity and fate of NO in biological systems is governed 
by a complex, and as yet not completely elucidated, network of 
competing reactions with molecular oxygen, superoxide, tran- 
sition metals and thiols [4—6]. These reactions yield a variety of 
NO-derived reactive nitrogen species (RNS) such as N,O,, 
peroxynitrite, nitrosyl-metal complexes and S-nitrosothiols. NO 
and other RNS react rapidly with GSH, the major intracellular 
low-molecular-mass antioxidant, to yield the S-nitrosothiol S- 
nitrosoglutathione (GSNO). GSNO has been identified in a 
variety of tissues and is considered to represent a functionally 
relevant signalling molecule which may act independently of 
homolytic cleavage to NO or be metabolized to other bioactive 
nitrogen oxides [6]. 

The best characterized effect of NO and other NO-derived 
signalling molecules is the activation of soluble guanylate cyclase 
by interaction with the haem group of the enzyme [7]. However, 
accumulating evidence suggests that the diverse biological effects 
of RNS [8] can be attributed, at least in part, to their potential 
to modify and regulate the activity of target proteins by tyrosine 


nitration, carbonyl formation at lysine and arginine residues, 
methionine oxidation [9], as well as through the oxidation and S- 
nitrosation of cysteine residues [10]. The modification of protein 
thiols by RNS has gained considerable attention because of its 
implication in the regulation of protein function in physio- 
logically relevant signalling as well as in situations of nitrosative 
stress [11,12]. Depending on the microenvironment of the targeted 
protein thiol and the chemical reactivity of the NO-derived 
signalling molecule, protein cysteines may suffer S-nitrosation, 
or oxidation to sulphenic, sulphinic or sulphonic acid, as well as 
disulphide-bridge formation [10]. Interestingly, recent work 
linked the formation of GSNO to the regulation of proteins by 
mixed-disulphide formation. First suggestions that GSNO may 
act as an S-glutathionylating agent came from early work on the 
NO/GSH-dependent modification of yeast alcohol dehydro- 
genase [13]. À more recent study on the regulation of aldose 
reductase by GSNO shows that micromolar concentrations of 
the nitrosothiol inhibited the enzyme through site-specific mixed- 
disulphide formation at a conserved cysteine residue in the 
catalytic site [14]. A possible role of NO-induced protein 
thiolation in intact cells was highlighted by experiments dem- 
onstrating that endothelial cells respond to exogenous NO 
production with the transient thiolation of a number of, as yet 
unidentified, cellular proteins [15]. The concept of NO-dependent 
protein thiolation as a regulatory mechanism was further 
supported by very recent studies on the mechanisms of NO/GSH- 
dependent modification of H-ras and carbonic anhydrase [16], as 


Abbreviations used GSNO, S-nitrosoglutathione, AP-1, activator protein 1; NF-«B, nuclear factor кВ, CREB, cAMP-response-element-binding 
protein; CP-1, CCAAT-binding protéin 1, EMSA, electrophoretic mobility-shrft assay, RNS, reactive nitrogen species, NP40, Nonidet P40, SOD, CuZn 
superoxide dismutase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GPDH, glycerol-3-phosphate dehydrogenase 
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well as glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
[17], sarcoplasmic reticulum calcium-ATPase [18], and the 
cysteine proteases caspase-3 [19] and cathepsin K [20]. A recent 
report from our laboratory on the regulation of c-Jun DNA 
binding by NO extends these findings, suggesting a novel role for 
S-glutathionylation in the regulation of transcription [21]. This 
study provides evidence that NO inhibits the DNA-binding 
activity of the activator protein 1 (AP-1) subunit c-Jun in vitro in 
a reversible and redox-independent manner. The underlying 
mechanism was shown to involve the formation of a mixed 
disulphide at a conserved cysteine residue in the DNA-binding 
site of the transcription factor through a reaction which depends 
on the NO-mediated conversion of GSH into GSNO. 

Although the molecular basis of GSNO-induced protein 
thiolation remains to be established, both previous data (reviewed 
in [22D and molecular modelling of S-glutathionylated c-Jun [23] 
suggest that mixed-disulphide formation could be facilitated by 
specific 1nteractions between the glutathionyl moiety and basic 
amino acid side chains which flank the targeted protein thiol. 
Given that not only c-Jun but a number of other transcrip- 
tion factors, such as members of the Fos, activating transcription 
factor/CAMP-response-element-binding protein (CREB) and 
Rel/nuclear factor кВ (NF-«B) families, as well as various 
cytosolic proteins, including glycogen phosphorylase b, GAPDH 
and creatine kinase, contain potentially redox- and NO-sensitive 
cysteine residues surrounded by basic amino acids, it is attractive 
to speculate that GSNO-mediated S-glutathionylation may con- 
stitute a general mechanism by which the formation of NO and, 
consequently, GSNO may be transduced into a functional 
response at the transcriptional level. As yet, however, there are 
no methods available which allow a rapid and simple screening 
for proteins which are candidate targets for GSNO-induced S- 
glutathionylation. The aim of this study 1s to provide a novel 
methodological approach to address this issue. We show that 
GSNO covalently attached to Sepharose mimicks site-specific S- 
glutathionylation of the transcription factor c-Jun by free GSNO, 
and allows the isolation of transcription factors that are po- 
tentially modified by GSNO-mediated muixed-disulphide for- 
mation from HeLa cell nuclear extracts. 


EXPERIMENTAL 
Materlals 


Purified BSA, alcohol dehydrogenase (from baker's yeast), 
carbonic anhydrase (from bovine erythrocytes), creatine 
kinase (from rabbit muscle), GAPDH (from rabbit muscle), 
glycerol-3-phosphate dehydrogenase (GPDH, from rabbit 
muscle) Hb (from bovine erythrocytes), glycogen phos- 
phorylase b (from rabbit muscle), and Cu,Zn superoxide dis- 
mutase (SOD, from bovine liver) were purchased from Sigma. S- 
nitrosated BSA was prepared by incubation of BSA in acidified 
nitrite, as described in [24]. The recombinant wild-type and 
mutant DNA-binding domains of human c-Jun (amino acid 
residues 233—327 of the translated sequence, GenBank accession 
number J04111) and truncated human p50 (amino acid residues 
36—385, GenBank accession number M55643) were expressed in 
Escherichia coli as hexahistidine fusion proteins and purified as 
described in [25,26] (these constructs are referred to as c-Jun and 
p50 throughout the text). DNA-binding activities of the recom- 
binant wild-type and mutant proteins were assessed by electro- 
phoretic mobility-shift assay (EMSA). The protease inhibitor 
Pefabloc was obtained from Roche Molecular Biochemicals. 
Stock solutions of [?SH]GSH were prepared at a final con- 
centration of 20 mM by the addition a freshly prepared solution 
of 22 mM unlabelled GSH (free acid, SigmaUltra) in water/ 
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Scheme 1 Structure of @8H—Sepharese analogues ased in this study 


GSH-Sephaross (В, = H, В, = OH) was prepared by reduction of commercially available 
activated thiol-Sepharose 4B (В, == 2-thiopyridyl, А, == OH) GSNO Sepharose (В, = NO, В, 
«x ОН) was obtained by subsequent S-nitrosation of GSH-—Sepharose with acidified nitnte At 
neutral pH, Rz, Is deprotonised and adopts a negative charge The ethyl ester of GSNO—Sepharese 
(В, = NO, В, = OC, H; was prepared by estenticatbon of GSH-Sepharase in acidified ethanoi 
pnor to S-nitrosation Where Indicated, GSNO—Sepharose was recovered from the GSNO— 
Sepharose ethyl ester by esterase treatment Details of the preparation procedures are provided 
m the Experimental sechon 


FH]GSH [10: 1, v/v (40—50 Ci/mmol, approx. 0.02 mM; DuPont 
New England Nuclear, Boston, MA, U.S.A.)], and stored in 
small aliquots at —80 °C. [*H]GSNO (1 mM) was prepared by 
nitrosation of [-H]GSH (1 mM) with sodium nitrite (1 mM) in 
10mM НСІ. Unlabelled GSNO was purchased from Alexis 
Biochemicals. Cell culture products were from Gibco BRL, all 
other reagents from Sigma-Aldrich. 


Determinations of free thiol, S-nitrosothiol and protein 
concentrations 


Free thiol and S-nitrosothiol concentrations were determined 
photometrically by previously described modifications of the 
Eliman and Saville assay [27] respectively. Protein concen- 
trations were determined by the method of Bradford with BSA 
as standard protein [28]. 


Preparation of GSH-Sepharose analogues 


GSH- and GSNO-Sepharose (Scheme 1) were prepared from 
2,2’-dipyridyldisulphide-activated GSH-Sepharose (‘activated 
thiol-Sepharose 4B’, obtained from Amersham Pharmacia 
Biotech) according to a recently published method [29] with 
minor modifications. Briefly, activated thiol-Sepharose 4B was 
suspended in water, and the swollen gel was washed with 10 vol. 
of water prior to reduction of the activated thiol groups by 
incubation for 45 min at ambient temperature in 10 vol. of 0.3 M 
NaHCO, (pH 8.5) containing 1 mM EDTA and 5% (v/v) 2- 
mercaptoethanol This procedure yielded reduced GSH- 
Sepharose, which was washed with 30 vol. of a 50 mM Tris/HCl 
buffer (pH 7.4) containing 250 mM. NaCl and 1 mM EDTA. 
To obtain GSNO-Sepharose, the GSH matrix was washed 
with 30 vol. of 10 mM HCI and resuspended in 2 vol. of 
10 mM НСІ prior to addition of 2 vol. of 10 mM NaNO, in 
water. The suspension was agitated thoroughly and incubated 
for approx. 15 min at ambient temperature. The obtained 
GSNO-Sepharose was washed with 30 vol. of a 50 mM Tris/HCl 
buffer (pH 7.4), containing 250 mM NaCl and 1 mM EDTA, 
and stored in this buffer at 4°C under nitrogen in the dark. 
Under these conditions, GSNO-Sepharose was relatively stable, 
and the loss of S-nitrosothiol groups was less than 5% and 15% 
within 1 and 2 weeks respectively. As judged by the determination 
of HgCl,-releasable NO (2.4 +0.3 umol/ml of swollen gel, n = 6), 
the conversion of the GSH groups contained in GSH-Sepharose 
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(2.5+0.5 umol/ml of swollen gel, n = 6) to S-nitrosothiols was 
almost quantitative. 

The ethyl ester of GSNO-Sepharose (Scheme 1) was prepared 
in analogy to a previously published procedure described for the 
preparation of GSH ethyl ester [30]. 2,2’-Dipyridyldisulphide- 
activated GSH-Sepharose (0.5 р) was suspended in 10 ml of 
anhydrous ethanol, containing 274 ul of concentrated H,SO,, 
and the incubation was suspended overnight under constant 
agitation at 30 °C. The Sepharose was rehydrated by subsequent 
washing steps with 10 vol. of 80, 60, 40, 20 and 0% ethanol ın 
water (v/v) prior to reduction and S-nitrosation as described 
above. Finally, the material obtained was washed with 30 vol. of 
а 50mM Tris/HCl buffer (pH 7.4) containing 250 mM NaCl 
and 1 mM EDTA. The S-nitrosothiol content of this Sepharose 
preparation was determined as 2.1 +0.1 umol/ml of swollen gel 
(п = 4). The content of GSH ethyl ester groups was 
28+1.1 umol/ml of swollen gel (n = 3), as estimated from en- 
zymic determination of ethanol [31], which was released from 
the matrix by treatment with porcine liver esterase (100 units/ml 
of swollen gel). Thus for unknown reasons, esterification was not 
quantitative, and reached only 56 % of the theoretical content of 
two ethyl groups per GSH molecule. For some control experi- 
ments, GSH-Sepharose was recovered from the СМО ethyl 
ester-Sepharose by treatment with 100 units of esterase (purified 
from porcine liver, purchased from Sigma) per ml of swollen gel 
for 30 min at ambient temperature. 


Precipitation of purified proteins by GSH—Sepharose analogues 


To assay purified proteins for covalent binding to one of the 
GSH-Sepharose counterparts described above, the indicated 
proteins (10 wg, unless otherwise specified) were incubated at 
ambient temperature with the Sepharose (0.1 ml, unless otherwise 
specified) in a final volume of 0.5 ml of buffer A [50mM 
Tris/HCI (pH 7.4) containing 250 mM NaCl, 1 mM EDTA and 
0.01 % (v/v) Nonidet P40 (NP40)]. After 30 min, the Sepharose 
matrix was pelleted by short centrifugation (300 g for 1 min) and 
washed three times with I ml of buffer A. Bound protein 
was eluted in 0.4 ml of buffer A containing 1% (v/v) 2- 
mercaptoethanol. Protein binding to the matrix was quantified 
by determining protein concentrations in the eluate. For some 
experiments, elution was performed with 0.1 ml of buffer A 
containing 1 % (v/v) 2-mercaptoethanol, and samples were ana- 
lysed by SDS/PAGE on 13% polyacrylamide gels. Gels were 
stained for protein with Coomassie Blue and dried. 


Preparation of nuclear extracts from HeLa cells 


HeLa cells were cultured in RPMI 1640 medium with L- 
Glutamine (Gibco BRL) containing 9 % (v/v) fetal bovine serum 
and antibiotics (90 units/ml penicilin and 90 ug/ml strepto- 
mycin). Exponentially growing (x 75% confluence) cells (12 
culture dishes, 10 cm diameter) were washed with ice-cold PBS, 
scraped into PBS, pelleted by centrifugation, and resuspended in 
a final volume of 10 ml of a 10 mM Hepes buffer (pH 7.9) 
containing 10 mM NaCl, 1 mM EDTA, 1% (v/v) glycerol, 
0.1% (v/v) 2-mercaptoethanol and 2 mM Pefabloc. Following 
incubation for 15 min on ice, NP40 was added at a final 
concentration of 0.695. Subsequently, the cell suspension was 
agitated vigorously for 10 s and centrifuged for 3 min at 20000 g. 
The pellet obtained was resuspended in a final volume of 1.5 ml 
of a 20 mM Hepes buffer (pH 7.9), containing 500 mM NaCl, 
I mM EDTA, 10% (v/v) glycerol, 0.1% (v/v) 2-mercapto- 
ethanol and 2 mM Pefabloc, incubated on ice for 30 min, and 
agitated vigorously several times prior to centnfugation for 


6 min at 20000 g. The obtained supernatant, which contained 
1—2 mg/ml protein, was stored at —80 ?C. 


Isolation of nuclear proteins by covalent GSNO chromatography 


Pooled nuclear extracts (10-15 mg of total protein) from ex- 
ponentially growing HeLa cells were diluted 1: 100 (v/v) in buffer 
A containing 1 mM of the protease inhibitor Pefabloc and 
4—8 ml of thoroughly suspended GSNO-Sepharose. The sus- 
pension was incubated for 30 min at ambient temperature with 
occasional shaking prior to filtration over a fritted column 
(internal diameter of 1 cm). To the column flow-through con- 
taining unbound protein, 2-mercaptoethanol was added at a final 
concentration of 1 95 (v/v), prior to concentration of the solution 
to a final volume of x 5ml on Vivapore 20 concentrators 
(molecular mass cut-off 7500 Da; Vivascience, Binbrook, 
Lincoln, U.K.). Subsequently, the column was washed with 
30 vol. of buffer À and eluted with three vol. of buffer A 
containing 1 % (v/v) 2-mercaptoethanol. The eluate was concen- 
trated to x 1 ml on Vivapore 20 concentrators. The protein 
concentrates obtained were stored at —80 ?C. 


Detectlon of mixed-disulphkle formation with [*H]GSH 


Mixed-disulphide formation between the indicated purified 
proteins and GSH was determined as dithiotreitol-labile, trichlor- 
acetic acid-precipitable incorporation of [*H]-labelled GSH as 
described recently [23]. Briefly, the indicated proteins (2-10 uM) 
were incubated for 30 min at 37 °C in 0.1 ml of a 20 mM Tris/ 
НСІ buffer (pH 7.5), containing 50 mM NaCl, 5mM МС}, 
l mM EDTA, 5% (v/v) glycerol, 0.01% (v/v) NP40 and 
3 mM [?H]GSH (6-9 x 10* c.p.m.) in the absence and presence of 
either 1 mM PH]GSNO or 10 mM diamide. Samples that were 
used to calculate blank values also contained 10 mM dithiotreitol. 

To assay the protein fractions which had been obtained 
by GSNO-Sepharose chromatography of HeLa cell nuclear 
extracts, 2-mercaptoethanol contained in the protein prepa- 
rations was replaced by GSH. For this purpose, the proteins 
were subjected to chromatography on Sephadex G-25 columns 
(NAP-10; Amersham Pharmacia Biotech) which had been equili- 
brated with buffer А contaming 1 mM GSH. The protein- 
containing column fractions (0.6-0.8 ml) were pooled and 
concentrated to a final volume of approx. 0.3 ml on Vivapore 
20 concentrators. Subsequently, the sample was assayed for 
mixed-disulphide formation, which was induced either by the 
addition of 1 mM [PH]JGSH (blank value), 1 mM [*H]GSH and 
10 mM diamide (diamide-induced S-glutathionylation), or 1 mM 
|H]JGSNO (GSNO-induced S-glutathionylation), as described 
above. S-Glutathionylation reactions were stopped by the ad- 
dition of 1 ml of 10% (w/v) ice-cold trichloracetic acid. Samples 
were incubated on ice for 30 min prior to centrifugation at 4 °C 
for 10 min at 20000 g. The precipitated protein pellet was washed 
three times with 1 ml of 1095 (w/v) 1ce-cold trichloracetic acid 
prior to incubation with 0.1 ml of 1 N NaOH for 20 min at 
70—80 °C. The NaOH-solubilized proteins were added to 14 ml 
of a standard liquid-scintillation cocktail (ReadySafe; Beckman 
Instruments, Madrid, Spain) to which 1 ml of 10% (w/v) 
trichloroacetic acid was added, and assayed for incorporation of 
PHIGSH by liquid-scintillation counting. 


Analysis of DNA-binding activity by EMSA 


Protein fractions (0.5-2 ug of total protein), which had been 
obtained by chromatography on GSNO-Sepharose, were incu- 
bated in a 20 mM Tris/HCI buffer (pH 7.5) containing 50 mM 
NaCl, 5 mM MgCl, 1 mM EDTA, 5% (v/v) glycerol, 001% 
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(v/v) NP40, 0.2 mg/ml BSA and 0.1 mg/ml poly(dI-dC). One of 
the following **P-radiolabelled double-stranded oligonucleotides 
containing the DNA-binding sites for the transcription factors: 
AP-1 (5'-GGG СТТ GAT GAG TCA GCC GGA-GC-3,.NF- 
кВ (5'-GGA GAG GGG ATT CCC TGC G-3), CREB (5’- 
AGA GAT TGC CTG ACG TCA GAG AGC TAG-3), 
CCAAT-binding protein 1 (CP-1; 5'-CCA САА ACC AGC 
CAA TGA GTA ACT GCT GG-3)'or Spl (S'-ATT CGA 
TGC GGG CGG GGC GAG C-3’) were also added. Protein 
samples which were analysed for Spl DNA-binding activity were 
pre-incubated on ice for 30 min in the presence of 3 mM ZnSO, 
in order to restore zinc-dependent DNA binding of the tran- 
scription factor [32]. Where indicated, incubations additionally 
contained an approx. 50-fold excess of an unlabelled competitor 
oligonucleotide. Subsequent to incubation for 30 min on ice, 
samples were subjected to electrophoresis at 180 V on pre- 
electrophoresed 6% non-denaturing polyacrylamide gels with 
22 mM Tris/borate/0.5 mM EDTA as running buffer. Gels were 
dried and visualized by autoradiography. 


Data representation 


The number of protein cysteines, as well as the quantification of 
protein S-glutathionylation (mol GSH incorporated/mol pro- 
tein) and molar protein concentrations given in the text, refer 
to the native quaternary structure of the respective protein, 
ie. monomers (BSA, carbonic anhydrase, glutaredoxin and 
thioredoxin), homodimers (c-Jun, creatine kinase, GPDH, gly- 
cogen phosphorylase b, p50 and SOD), heterodimers (Hb), 
homotetramers (alcohol dehydrogenase and GAPDH) and 
heterotetramers (caspase-3). Unless otherwise indicated, data 
are given as means S.E.M., with the number of independent 
experiments (лп) in parenthesis. 


RESULTS 


Binding of purified c-Jun DNA-binding domains to 
GSNO—Sepharose 


Recently, we have shown that GSNO induces the formation of a 
mixed disulphide between the glutathionyl moiety of GSNO and 
a conserved cysteine residue in the DNA-binding domain of the 
transcription factor c-Jun [21]. In accordance with a molecular 
model of thiolated c-Jun [23], which suggested that specific 
GSNO-protein interactions facilitate muxed-disulphide for- 
mation, we speculated that GSNO-Sepharose might serve as a 
probe of protein thiols which are susceptible to GSNO-induced 
S-glutathionylation. To address this issue, we studied binding of 
recombinant c-Jun DNA-binding domains to the GSNO matrix. 
As shown in Figure 1(A), c-Jun bound to GSNO-Sepharose 
following saturation kinetics. Binding to 0.1 ml of GSNO- 
Sepharose, which contained 240 + 30 nmol (n = 6) S-nitrosothiol 
groups (see also the Experimental section), was virtually quan- 
titative (> 9595 of total protein) when the amounts of c-Jun were 
« 0.2 nmol, and approached saturation at > 1 nmol c-Jun. In 
the presence of saturating amounts of protein (2 nmol c-Jun), 
binding showed a linear dependency on the total amount of 
GSNO-Sepharose (Figure 1B). From the slope of this graph, the 
c-Jun-binding capacity of GSNO-Sepharose was calculated as 
12 nmol c-Jun monomer/ml of swollen gel (i.e. per 2.4 umol S- 
nitrosothiol groups). c-Jun binding to GSNO-Sepharose could 
not be reverted by high-salt (1 M NaCl) or detergent (5% SDS), 
but was completely abolished by millimolar concentrations of 
thiol-reducing agents, such as 2-mercaptoethanol, GSH, and 
dithiotreitol (results not shown) These data suggest that c-Jun 
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Figure 1 Binding of c-Jun to GSNO—Sepharose 


Recombinant c-Jun DNA-binding domains were incubated in a final volume of 0.5 mi with 
GSNO—Sepharose and assayed for covalent binding to this matrix through mixed-disulphide 
formation as described in the Expenmental section The dependency of c-Jun binding on the 
total amount of c-Jun protein (A) was assayed with increasing amounts of c-Jun (0 05-4 nmol) 
and a fixed quantity (01 ml) of GSNO—Sepharose To determine the dependency of c-Jun 
binding on the amount of GSNO—Sepharose (B), a fixed amount of c-Jun (2 nmol) was 
incubated with increasing amounts of GSNO—Sepharose (25—250 дї) Data are means +S EM 
of 4—12 different experiments 


binds covalently to GSNO-Sepharose through mixed-disulphide 
bond formation with the thiol groups of the matrix. 


GSNO-Sepharose precipitation of purified proteins susceptible to 
GSNO-Induced $-glutathlonylation 


The above data, obtained with the cDNA-binding domain of c- 
Jun as model protein, encourage the view that mixed-disulphide 
formation between a given protein and GSNO-Sepharose might 
reflect its susceptibility to GSNO-induced S-glutathionylation. 
To address this issue, we compared structurally distinct proteins 
in terms of GSNO-Sepharose binding, as well as GSNO- and 
diamide-induced S-glutathionylation. In the first set of experi- 
ments, we chose p50, Hb and BSA because, similar to c-Jun, 
they contain critical cysteine residues which have been shown 
previously to be sensitive to GSNO or other NO donor com- 
pounds [24,33-35]. However, the question of whether GSNO 
may direct mixed-disulphide formation to these proteins has not 
been addressed so far. We compared GSNO-Sepharose binding 
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Figure 2 Binding of purified proteins to GSNO—Sepharose 


A mixture of vanous punfied proteins, 18 BSA, p50, c-Jun and Hb (A), glycogen phosphorylase 
b (GP b), creatine kinase (CK), GAPDH, carbonic anhydrase (CA), SOD and glutaredoxin (Grx) 
(B), GPDH, alcohol dehydrogenase (ADH), c-Jun and thioredoxin (Trx) (6) and caspase-3 
composed by the subunits pt2 and p17 (D) was incubated їп a final volume of 05 mi with 
О1 ml of GSNO-Sepharose for 30 min at ambient temperature, as descnbed in the 
Experimental section The amount of the individual proteins was 10 др, with the exception of 
Hb and caspase-3, where the amount was 20 ug Bound proteins were isolated by short 
centrifugation of the Sepharose matnx, which was washed three times with 05 ml of a 50 mM 
Trs/HCI buffer containing 250 mM NaCl, 1 mM EDTA and 001% NP40 prior to elution with 
01 mi of the washing buffer to which 1% (v/v) 2-mercaptoethanol was added Aliquots (25 yl) 
of the complete incubation mixture (lane 1), the supernatant containing unbound proteins (lane 
2), the first (lane 3), second (lane 4) and third (lane 5) wash, as well as the Sepharose eluate 
(lana 6), were subjected to SDS/13% PAGE, and gels were stained for protein wih Coomassie 
Blue The gels shown are representatrve of at least three similar experiments 


of p50, Hb and BSA with that of c-Jun (Figure 2A) by incubating 
a mixture of the purified proteins with the nitrosothiol matrix 
(lane 1). The supernatant (Figure 2, lane 2) was discarded, and 
non-specifically bound proteins were removed by excessive 
washing of the matrix (lanes 3—5) prior to reductive elution of 
covalently bound proteins (lane 6). The eluate contained c-Jun 
and p50, but only barely detectable amounts of Hb and BSA. 
GSNO-Sepharose binding of these proteins was further quanti- 
fied in independent experiments by determining their amounts in 
the eluate with the Bradford assay (see the Experimental section). 
When 4 nmol of c-Jun and p50 were incubated with 0.1 ml of 
GSNO-Sepharose, the affinity matrix precipitated 0.54 + 0.03 (n 
=: 3) and 0.38 +0.04 (n = 3) nmol protein respectively, whereas 


binding of Hb and BSA was barely detectable [0.09 +0.01 (n = 
3) and 0.07+0.01 (n — 3) nmol protein respectively] Quali- 
tatively similar results were obtained under non-saturating 
conditions, i.e. when the amount of total protein was reduced to 
< 0.1 nmol (results not shown). These data correlated well with 
the GSNO-induced incorporation of PH]GSH into these 
proteins, which was considerably lower with Hb and BSA than 
with p50 and c-Jun (Table 1). 

To exclude that lack of BSA and Hb binding to GSNO- 
Sepharose was due to the inaccessibility of the cysteine residues 
contained in these proteins to GSH, we used the non-selective 
thiol-oxidizing agent diamide to induce mixed-disulphide for- 
mation As shown in Table 1, treatment of c-Jun with diamide in 
the presence of GSH resulted 1n the stoichiometric incorporation 
of one GSH molecule into each of the four c-Jun cysteines. In the 
p50 homodimer, four cysteine residues form intramolecular 
disulphide bridges, and two further cysteines do not appear to be 
solvent-accessible [36,37] Accordingly, only 8 of the 14 cysteine 
residues were found to be available for mixed-disulphide for- 
mation. The Hb tetramer contains two cysteines, which have 
been shown to be susceptible to diamide-induced mixed-di- 
sulphide formation [38]. In fact, we found that both residues 
incorporated GSH upon diamide treatment. Previous studies on 
the reactivity of BSA thiols have shown that commercially 
available BSA contains only one single reactive cysteine residue 
[39]. In the present study, this is reflected by the diamide-induced 
GSH incorporation of approx. 1 mol GSH/mol BSA. Thus lack 
of GSNO-Sepharose binding of Hb and BSA is apparently not 
due to the lack of cysteine residues that can undergo S- 
glutathionylation, but rather reflects their low reactivity towards 
GSNO. Consistent with this hypothesis, activation of the GSH 
matrix by 2,2’-dipyndyldisulphide bound these four proteins 
with comparable efficacy (results not shown). 

To further support the potential applicability of GSNO- 
Sepharose to the isolation of proteins that form mixed disulphides 
with GSNO, we analysed various purified cysteine-containing 
proteins for GSNO-Sepharose binding (Figure 2B-D) and 
compared the data obtained with results from [?H]GSH-1n- 
corporation experiments (Table 1) To assay these proteins for 
the total amount of cysteine residues that are accessible to mixed- 
disulphide formation, [SH]GSH incorporation was induced by 
diamide. Previous work indicates that glycogen phosphorylase b 
and creatine kinase [40], as well as carbonic anhydrase isoenzymes 
[41,42], GAPDH [43,44], SOD [45] and glutaredoxin [46], may be 
modified by redox- or free radical-induced mixed-disulphide 
formation. Furthermore, 1n the case of glycogen phosphorylase 
b and an isoform of carbonic anhydrase [16], as well as GAPDH 
[17], GSNO-induced S-glutathionylation has been reported. 
Figure 2(B) shows that glycogen phosphorylase 6, creatine kinase, 
GAPDH and glutaredoxin bound to GSNO-Sepharose, whereas 
carbonic anhydrase and SOD apparently did not form mixed 
disulphides with the NO-activated thiol matrix. These findings 
fitted well with the differential susceptibility of these proteins to 
GSNO-induced S-glutathionylation (Table 1) Whereas GSNO- 
induced GSH incorporation into glycogen phosphorylase 5, 
creatine kinase, GAPDH and glutaredoxin was comparable with 
that found for the GSNO-Sepharose binders c-Jun and p50 
(0.9-2 mol GSH/mol protein), S-glutathionylation of carbonic 
anhydrase and SOD was similar to that found for BSA and Hb 
(0.1-0.2 mol GSH/mol protein), which, as shown above, could 
not be efficiently bound by the matrix. 

In a previous study, it was speculated that alcohol dehydro- 
genase may be modified by GSNO-induced S-glutathionylation 
[13]. A further cysteine-rich enzyme that has been proposed to be 
regulated by GSH-dependent oxidation of critical cysteine 
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Table 1 Diamide- and 8SNO-induced protein S-glutatblonylation 


The total number of protein cysteines was taken from the published amino acid sequences of the investigated wild-type proteins, and refers to their established quaternary structure as given in 
the Experimental section Diamide- and GSNO-Induced S-glutathionytation of the indicated purthed proteins (2—10 М) were determined In the presence of *H-labelled GSH (3 mM) and induced 
by 1 mM [HJGSNO or 10 mM diamide. Data are means -- S E.M. for at least three independent experiments nd, not determined 


Number of S-Glutathionylation Induced by S-Glutathionylaton Induced by 
Protein cysteines GSH/GSNO (mol/mol protein) GSH/diamide (mol/mol protetn) 
c-Jun 4 196+014 38340066 
Glycogen phosphorylase 2 18 195+9009 1434+0 84 
GAPDH 16 128+ 0.18 417+ 039 
Caspase-3 14 1224-012 n d. 
Creatine kinase 8 097 4-014 3.08 +059 
Glutaredoxin 4 0 88+002 1 02+0.02 
p50 14 0.86 +0 06 806+026 
Alcohol dehydrogenase 32 043+001 16.94+059 
GPDH 22 043+00 1449+178 
Hb 2 021+001 1804-010 
Thioredoxin 3 017 3-001 0.64 4003 
Carbonic anhydrase 1 011+005 043+003 
SOD 6 016+001 034+0.01 
BSA 35 007+001 084+0.01 





Table 2 Site-specific binding of c-Jun and p50 to GSNO-Sepharose 


Wild-type and mutant c-Jun and p50 DNA-binding domains (0 05-05 nmol), in which the cysteine located in the DNA-binding site (Serine-269) and the adjacent leucine zipper (senne-320) of 
c-Jun or the cysteine in the DNA-binding site of p50 (serne-62) were substituted by serine, were precipitated by 0.15 m! of GSNO—Sepharose or 2,2’-dipyridyi disulphide-activated GSH—-Sepharose, 
as described in the Expenmental section The amounts of mutant proteins bound to GSNO—Sepharose, which are expressed as a percentage of binding of the corresponding wikttype proteins, 
are means + S.E M. of at least three different experiments 


Bound protein (% of wild-type) 


c-Jun (serine-269) c-Jun (serine-320) p50 (serine-62) 
GSNO—Sepharese 9+6 97 +12 1542 
2,2 -Dpyridyl disulphide-activated GSH--Sepharose 84 r4 901-5 87+3 





residues is GPDH [47,48]. Baker’s yeast alcohol dehydrogenase 
and rabbit muscle GPDH contain 32 and 22 cysteine residues, and 
incorporate 17 and 14 mole GSH/mol protem upon exposure 
to diamide respectively (Table 1). Nevertheless, these proteins 
did not bind to a significant extent to GSNO-Sepharose as 
compared with the GSNO-Sepharose binder c-Jun (Figure 2C). 
Both proteins, however, formed low, but significant, amounts 
(approx. 0.4 mol GSH per mol protein) of mixed disulphides 
when incubated with GSH/GSNO (Table 1). These data suggest 
that protein binding to GSNO-Sepharose is not only governed 
by the overall capacity of a protein to incorporate GSH upon 
GSNO treatment, but also by other, as yet unknown, factors. À 
further attempt to identify proteins which contain reactive and 
GSNO-accessible thiol groups was based on previous work on 
the thioredoxin system, suggesting that GSNO has free access to, 
and may react with, one of the active-site cysteines of thioredoxin 
[49]. As shown in Table 1, purified thioredoxin incorporated > 
0.6 mol GSH/mol protein upon diamide treatment but « 0.2 mol 
GSH/mol protein in the presence of GSNO In accordance with 
this relatively poor yield of GSNO-dependent GSH incorpor- 
ation, we did not detect thioredoxin binding to GSNO-Sepharose 
(Figure 2C). 

Very recent work suggests that the cysteine protease caspase- 
3 may be modified at various cysteine residues by NO-mediated 
S-glutathionylation [19]. In the present study, we found that 
GSNO oxidizes caspase-3 by S-glutathionylation of an overall 
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amount of 1.2 cysteine residues/holoenzyme (Table 1). The 
susceptibility of the caspase to GSNO mixed-disulphide for- 
mation correlated with its capacity to covalently interact with 
immobilized GSNO (Figure 2D). Furthermore, in accordance 
with the reported localization of mixed disulphides on both 
caspase-3 subunits (p12 and p17) [19], we found that both p12 
and p17 could be bound by GSNO-Sepharose. 


Specificity of protein binding to GSNO—Sepharose 


The above data indicate that GSNO-induced S-glutathionylation 
does not apparently affect each cysteine residue that is accessible 
to GSH, but may be specifically targeted to a subset of GSNO- 
sensitive thiols. The c-Jun DNA-binding domain contains two 
cysteine residues: cysteine-269, located in the basic domain of the 
protein which makes direct contact with its target DNA sequence; 
and cysteine-320, in the monomer-monomer interface [50]. 
However, only cysteine-269 forms a mixed disulphide upon 
GSNO treatment [21]. Here, we show that such site specificity 
of GSNO-induced S-glutathionylation is preserved when 
GSNO-Sepharose is used as the thiolating probe. As shown in 
Table 2, a cysteine-to-serine mutation at cysteine-269 almost 
completely abolished c-Jun binding to the immobilized nitro- 
sothiol, whereas binding was virtually unaffected by a cysteine- 
to-serine mutation at cysteine-320, compared with the wild-type 
protein. The observed site-specificity was apparently not due to 
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steric constraints which inhibit access of Sepharose-coupled 
GSNO to cysteine-320, since both the serine-320 and serine-269 
mutants bound to 2,2’-dipyridyl disulphide activated GSH- 
Sepharose with comparable efficacy. These data correlated well 
with recently published results [21] showing that GSNO-induced 
S-glutathionylation was reduced to 16-- 6 (5) % of the wild-type 
protein in the serine-269 mutant and virtually unaffected in the 
serine-320 mutant [107 - 11 95 (n = 3) of the wild-type protein]. 

Similarly, modification of a single cysteine residue (cysteine- 
62) has been shown to mediate inhibition of DNA binding of the 
NF-«B subunit p50 by diamide and NO [26,33]. In accordance 
with these studies, we found that GSNO inhibited DNA binding 
of purified p50 with a half-maximal effective concentration of 
approx. 0.1 mM, and that substitution of cysteine-62 by serine 
rendered p50 DNA binding insensitive to GSNO (results not 
shown). It is tempting to speculate, therefore, that cysteine-62 
could be the target thiol for GSNO-induced thiolation. H]GSH- 
incorporation experiments showed that GSNO-induced S- 
glutathionylation of p50 (Table 1) was markedly reduced 1n the 
serine-62 mutant [7 4-495 (n = 4) of the wild-type protein]. Site 
specificity of GSNO-mediated p50 mixed-disulphide formation 
was preserved in GSNO-Sepharose binding experiments. As 
shown in Table 2, point mutation of cysteine-62 to serine 
markedly reduced the capacity of p50 to bind to GSNO- 
Sepharose. Similar to c-Jun, site specificity of covalent binding to 
the thiol-Sepharose was almost completely lost when the GSH 
moiety of the matrix was activated with 2,2’-dipyridyl disulphide 
instead of NO (Table 2). 

It was suggested that specific GSH-protein interactions may 
facilitate mixed-disulphide formation [22]. Molecular modelling 
of c-Jun encourages this view, proposing that electrostatic 
interactions between basic amino acids surrounding the targeted 
cysteine residue and negatively charged carboxylates of the GSH 
moiety may contribute to the susceptibility of protein thiols to S- 
glutathionylation [23]. To address the question of whether such 
ionic interactions may play a role in protein binding to GSNO— 
Sepharose, the negative charges of the matrix were neutralized by 
converting the carboxylates in the GSNO molecule into the 
neutral ethyl esters (Scheme 1). Glycogen phosphorylase b, 
creatine kinase, GAPDH and c-Jun were shown above to in- 
corporate > 1 mol GSH/mol protein (Table 1) and to bind well 
to GSNO-Sepharose (Figure 2). However, as shown in Figure 
3(A), binding to GSNO ethyl ester-sepharose was suppressed in 
the case of glycogen phosphorylase b and creatine kinase, and 
markedly impaired with GAPDH and c-Jun (see also Figure 2). 
To exclude that such loss of binding was caused by modifications 





Figure 3 Binding of purified proteins to GSNO ethyl ester-Sepharose 


A mrxture of purthed glycogen phosphorylase b (GP b), creatine kinase (CK), GAPDH and c- 
Jun (10 ug each) was incubated in a final volume of 0.5 ml with 01 m! of GSNO ethyl 
Bster—Sephaross for 30 min at ambient temperature, as described in the Expenmental section 
(А) The same experiment was repeated with GSNO ethyl ester—Sepharose which had been 
pretreated with esterase fo convert the ethyl ester back into the free carboxylic acid 
(B) Bound proteins were isolated as described in the legend to Figure 2 Aliquots (25 д) of 
the complete incubation mixture (lane 1), the supernatant containing unbound proteins (lana 2), 
the first (lane 3), second (lane 4) and third (lane 5) wash, as well as the Sepharose eluate (lane 
б), were subjected to SDS/13% PAGE and gels were stained for protein with Coomassie Blue 
The gals shown are representative for three experiments 





Figure 4 "indi “of: S-nitrosated BSA to GSH-Sepharose 


of the matrix other than esterification during the preparation of‘ 4  SNiroStód “BSA (0 ap Was incubated In a final volume of 05 ті with 01 ml of 


this GSH Sepharose counterpart, GSNO ethyl ester-Sepharose ' 
was treated with esterase to remove the ester groups and, 
consequently, to recover the negatively charged V NM pi 
groups. This procedure, in fact, restored the -cgpac ly of the 
matrix to bind glycogen phosphorylase b and; atine kinase, 
and slightly increased c-Jun and GAPD "binding to the 
immobilized nitrosothiol (Figure 3B)."These data indicate that 
ionic GSH-protein interactions may facilitate protein binding to 
GSNO-Sepharose. Saturation curves of c-Jun binding to GSNO 
ethyl ester-Sepharose before айй ‘after esterase treatment (results 
not shown) further corroborated this hypothesis. Maximal bind- 
ing of c-Jun to these two Sepharose preparations was virtually 
identical [GSNO ethyl ester-Sepharose, 0.62+0.03 (n = 3) nmol 
protein/0.1 ml of swollen gel; esterase-treated GSNO ethyl 
ester-Sepharose, 0: 59 4- 0.05 (п = 3) nmol protein/0.1 ml of 
swollen gel], wHereas the concentration of c-Jun required for 
half-maximal binding'to 0.1 ml of Sepharose was approx. 4-fold 
higher with the ethyl ester [1.15 -- 0.16 (n = 3) nmol protein] as 


t 


GSH-Sepharosë for- 30, min at ambient temperature, as described in the Expenmental section 
© (A) Incubations ol, unthodified BSA with GSNO~Sepharose (B) were performed under klentical 
- conditions Bound BSA was isolated as described in tha legend to Figure 2 Aliquots (25 А) 
“of the complete incubabon mixture (lane 1), the supematant containing unbound BSA (lane 2), 
the first (lane 3), second (lane 4) and third (lane 5) wash, as well as BSA released from 
GSNO—Sepharese by elubon under reducing conditions (lane 6), were subjected to 
SDS/13% PAGE, and gels were stained for protein with Coomasste Blue The gels shown are 
rgpresentative for three expenments 


compared with the esterase-treated matrix (0.28 +0.07 (n = 3) 
nmol protein). 

Itis currently thought that GSNO-induced S-glutathionylation 
may involve either a direct nucleophilic attack of a protein thiol 
on GSNO or a two-step reaction in which the NO group is 
transferred to the protein thiol prior to reaction of the nitrosated 
protein with GSH [13,14,16,17,20,21]. Thus it could be argued 
that protein binding to GSNO-Sepharose depends on the ac- 
tivation of protein thiols via a trans-nitrosation reaction, rather 
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Table 3 


Isolation of nuclear HeLa cell proteins that are susceptible to GSNO-nduced $-glutathionylation 


HeLa cell nuclear extracts were subjected to chromatography on GSNO~Sepharose, and the total extract, column flow-through and eluate were analysed for protein content and S-glutathionylation 
S-Glutathionylation was induced ether by the addition of GSNO or diamide, as described in the Expenmental section Data are means -ES.E.M of three different preparations 


Total protein (mg) i 
GSNO-induced S-glutathionylabon (nmol [H]GSH/mg of protein) 
Recovery of GSNO-eactive thiols (%) 

Purtfication of GSNO-reactrve thiols (-fold) 

Diamide-induced S-glutathionylation (nmol [$H]GSH/mg of protem) 
Recovery of diamide-reactive thiols (X) 

Purification of diamide-reactive thiols (4010) 


Total axtract Flow-through Eluate 
1243 1+3 0 05 +001 
2+2 3+1 37+14 

100 138 8 
1 1 19 
53 +12 67 +19 122 4-12 

100 116 1 


1 1 2 





than on specific GSNO-protein interactions that facilitate а 
direct reaction between the protein and GSNO. To address this 
issue, we attempted to study binding of S-nitrosated proteins to 
GSH-Sepharose. However, almost all of the proteins investigated 
in this study (listed in Table 1) did not stably incorporate 
significant amounts of NO (results not shown). One exception 
was BSA, which formed a relatively stable S-nitrosothiol. Similar 
to previous studies which reported the incorporation of approx. 
0.8 mol NO/mol protein [24], we found that treatment of BSA 
with acidified nitrite yielded 0.55 -- 0.11 (n = 6) mol S-nitrosothiol 
groups/mol BSA. As shown in Figure 4(A), incubation of S- 
nitrosated BSA with GSH-Sepharose resulted in the formation 
of a mixed disulphide with the reduced thio] matrix Importantly, 
unmodified BSA does not bind to GSNO—Sepharose (Figure 4B, 
compare also with Figure 2A) indicating that GSNO-Sepharose 
rather selects for proteins which react directly with GSNO than 
for proteins that react with GSH through a GSNO-dependent 
trans-nitrosation reaction. 


Isolation of nuclear transcription factors by GSNO—Sepharose 
chromatography 


The above data encourage the view that GSNO-Sepharose 
might be useful for the 1solation and identification of cellular 
proteins which are potential targets for GSNO-induced S- 


glutathionylation. When nuclear extracts from exponentially . · 
growing HeLa cells were subjected to GSNO-Sepharose ' 


chromatography, less than 0.595 of the total amount of protein 
loaded on to the nitrosothiol-Sepharose bound to the matrix 
through muxed-disulphide formation (Table 3). As judged by 
Coomassie Blue-staining of SDS gels, the protein fraction isolated 
by this method displayed a substantially distinct protein pattern 
than the column flow-through (results not shown). Thus to 
investigate if chromatography on GSNO-Sepharose resulted in 
a significant enrichment of proteins susceptible to GSNO-induced 
thiolation, we performed [?H]GSH-incorporation assays com- 
panng unbound (GSNO-Sepharose flow-through) with bound 
(GSNO-Sepharose eluate) protein fractions. As shown in Table 
3, the overall capacity of proteins to undergo GSNO-induced 
mixed-disulphide formation was 12-fold higher in the GSNO— 
Sepharose eluate than in the column flow-through. When 
glutathionylation was induced by diamide, the increase in total 
GSH incorporation into proteins of the eluate was less than 
twofold compared with proteins contained in the column flow- 
through. Thus despite the low yield of this method (8 % recovery 
of GSNO-sensitive protein thiols), these data suggest that 
GSNO-Sepharose chromatography may serve to enrich proteins 
that can be modified by GSNO-mediated incorporation of GSH 
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Figure 5 isolation af AP-1, NF-KB, CREB and CP-1 DNA-binding activities 
from HeLa celis by GSNO—Sepharose chromatography 


HeLa cell nuclear extracts were subjected to chromatography on GSNO—Sepharose The column 
flow-through (unbound) and eluate (bound) were analysed for AP-1 (A), NF-«B (В), CREB (C) 
and CP-1 (D) DNA-binding activites by EMSA, as descnbed in the Experimental section 
Specificity of protain—DNA complex formation was confirmed by homologous and heterologous 
competition with a 50-fold excess of the indicated unlabelled oligonucleotides The gals shown 
are representative for four similar experiments 


As yet, the only transcriptional activators known to be S- 
glutathionylated by GSNO im vitro are the AP-1 subunit c-Jun 
[21] and the NF-xB subunit p50 (the present study). Analysis of 
the GSNO-Sepharose column flow-through and eluate by EMSA 


NS 


revealed that both AP-1 (Figure 5À) as well as NF-«B (Figure 
5B) DNA-binding activities bound almost quantitatively to the 
nitrosothiol matrix. Presence of c-Jun and p50 in the GSNO- 
Sepharose eluate was confirmed by Western blot (results not 
shown). We further analysed the column fractions obtained 
for DNA-binding activity of CREB, a transcription factor whose 
DNA-binding site is homologous to that of c-Jun. As shown in 
Figure 5(C), the column eluate was enriched in protein(s) which 
specifically bound to the consensus DNA sequence for CREB. In 
contrast, DNA-binding activity of the transcription factor CP-1, 
a cysteine-containing- CCAAT-binding protein [51], was almost 
exclusively detected in the column flow-through (Figure 5D). 
Similarly, DNA-binding activity of Spl, which binds to DNA 
through a Cys,/His, zinc-finger motif [32], was not enriched in 
the GSNO-Sepharose eluate (results not shown). 


DISCUSSION 


The S-nitrosothio] GSNO has been implicated іп the regulation 
of cellular functions through the modification of functionally 
critical cysteine residues in target proteins [10]. Recent data 
suggest that GSNO may play a role in the regulation of 
transcription by reversibly transfernng its glutathione moiety to 
a cysteine residue in the DNA-binding site of the transcription 
factor c-Jun in vitro [21]. As yet, it remains unknown whether this 
modification 1s unique to c-Jun or if it is shared by other proteins. 
We addressed this issue using GSNO-Sepharose as a tool which 
should allow the isolation of protems through site-specific 
GSNO-protein interactions, leading to the formation of a mixed 
disulphide with the immobilized nitrosothiol. 

First, to investigate the potential usefulness of GSNO- 
Sepharose as a probe of GSNO-induced S-glutathionylation, we 
characterized the interaction between the matrix and the DNA- 
binding domain of c-Jun We provide experimental evidence that 
c-Jun binds to GSNO-Sepharose through the formation of a 
mixed-disulphide bond. Maximal protein binding to the matrix, 
however appears rather low comparing the maximal number of 
c-Jun molecules bound/ml of Sepharose (12 nmol) with the 
number of S-nitrosothiol groups contained in 1 ml of the matrix 
(2.4 umol). This corresponds to a reaction of only 0.5% of the 
total S-nitrosothiol groups with protein thiols under saturating 
concentrations. This low yield can be explained partly by the 
stringent assay conditions. We performed the binding assays in 
the presence of 0.25 M NaCl and 0.01 % NP40 to suppress the 
non-specific formation of mixed disulphides. When the assays 
were performed in the absence of NP40 and NaCl, binding of c- 
Jun was increased approx fivefold (results not shown). Fur- 
thermore, the low yield may be due to the low capacity of native 
proteins to bind to the Sepharose matrix because of steric 
constraints. In support of this, it was found that 1 ml of 
activated thiol-Sepbarose, the starting material for the prep- 
aration of GSNO-Sepharose, bound a maximum of approx. 
10—50 nmol of native proteins such as Hb, erythrocyte band III 
protein and collagen [52—54], whereas up to 200 nmol of de- 
natured proteins and peptides could be retained by 1 ml of the 
same matrix [55] Of note is the fact that GSNO is coupled 
directly, i.e. without the introduction of spacer groups, to the 
Sepharose carrier through the terminal amino group of its y- 
glutamate moiety (Scheme 1) It is conceivable, therefore, that 
the matrix might impair protein—GSH interactions and, therefore, 
wil not work with proteins whose GSNO-sensitive cysteine 
residues are buried within the native-folded-protein structure. It 
remains to be investigated whether the introduction of flexible 
spacer groups could improve the efficacy of GSNO-Sepharose as 
a mixed-disulphide-forming matrix. 


Protein binding to Snitrosoglutathione~Sepharose 376 


In accordance with previous data on c-Jun thiolation [21,23], 


~ we found that this protein bound to GSNO-Sepharose through 


the formation of a mixed disulphide with a single cysteine residue 
which was identified as cysteine-269 by site-directed mutagenesis. 
Itis worth noting that site-specificity of c-Jun S-glutathionylation 
was not due to lack of accessibility or reactivity of the second 
pair of cysteine residues (cysteine-320) contained in the c-Jun 
homodimer. This conclusion is supported by the observation 
that cysteine-320 was quantitatively converted into a mixed 
disulphide when diamide was used to induce mixed-disulphide 
formation. Similarly, when the thiol group of glutathione- 
Sepharose was activated with 2,2'-dipyridyl disulphide instead 
of NO, both. cysteine-269 and cysteine-320 bound equally 
to the thiol matrix, indicating that lack of c-Jun binding to 
GSNO-Sepharose through cysteine-320 was not due to steric 
constraints. Covalent protein binding to GSNO-Sepharose, 
therefore, apparently does not just simply detect the presence of 
reactive and freely accessible cysteine residues but rather reflects 
the particular reactivity. of a protein thiol in terms of its 
susceptibility to undergo GSNO-induced S-glutathionylation. 
The basic environment of c-Jun cysteine-269 has been suggested 
to account for the particular reactivity and redox-sensitivity of 
this thiol [56]. Thus to investigate whether site-specific binding to 
GSNO-Sepharose 15 unique to c-Jun, or is shared by other 
DNA-binding proteins, we searched for another model tran- 
scription factor which contains functionally important cysteine 
residues but displays marked structural differences to c-Jun. 
Similar to c-Jun, the NO- and redox-sensitivity of the NF-«B 
subunit p50 maps to a single cysteine residue (cysteine-62) 1n its 
DNA-binding site [26,33]. Moreover, it has been speculated that 
redox-regulation of NF-«B DNA binding in intact cells could 
involve S-glutathionylation of cysteine-62 [57]. In the present 
study, we show that p50 can be precipitated by GSNO-Sepharose 
and that covalent binding to the immobilized nitrosothiol criti- 
cally depends on one single cysteine residue. Site-directed 
mutagenesis revealed that cysteine-62 accounts for covalent 
binding of the NF-«B subunit to the matrix. PH]GSH- 
incorporation assays corroborate the suggestion that cysteine-62 
of p50 may represent a novel target for GSNO-induced S- 
glutathionylation in vitro. 

The observation that GSNO-Sepharose binds c-Jun and p50 
through site-specific disulphide formation with a single thiol 
suggests that this matrix may permit the 1solation of GSNO 
target proteins from a mixture of cysteine-containing proteins. 
As a first attempt to address this issue, we investigated the 
capacity of GSNO-Sephbarose to precipitate c-Jun and p50 from 
a mixture of purified proteins which additionally contained BSA 
and Hb. It is noteworthy that both BSA and Hb contain reactive 
cysteine residues which are quantitatively thiolated by GSH/d- 
iamide and exhibit some reactivity ш terms of mixed-disulphide 
formation with both solute and immobilized GSNO. When p50 
and c-Jun were competing with. BSA and Hb for covalent 
binding to GSNO-Sepharose, the NO-activated thiol matrix 
precipitated c-Jun and p50 with high specificity (Figure 2). 
Similarly, a number of other proteins have been shown in the 
present study to contain reactive cysteine residues that can be S- 
glutathionylated by GSNO in vitro. The data presented in Table 
] and Figure 2 suggest that, in general, GSNO-Sepharose binding 
reflects the susceptibility of a given protein to react with GSNO, 
and is not just simply the presence of cysteine residues that can 
be modified by diamide-induced S-glutathionylation. However, 
alcohol dehydrogenase and GPDH did not bind to the GSNO 
matrix despite their capacity to undergo some GSNO-induced S- 
glutathionylation in solution. As discussed above, this may be 
explained by steric constraints imposed by the structure of the 
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proteins which does not allow access of the Sepharose to cysteine 
residues, that are not located on the protein surface. Moreover, 
in some cases, the interpretation of quantitative data as 
presented in Table 1 1s compromised by the lack of information 
about the contribution of individual cysteine residues to the 
overall number of GSH molecules incorporated per protein. The 
targeted cysteine residues in c-Jun and p50 have been identified 
by site-directed mutagenesis, and it can be concluded that a 
single cysteine residue accounts for the major part of the observed 
S-glutathionylation in these proteins. In the case of alcohol 
dehydrogenase and GPDH, we found that 17 and 15 cysteine 
residues respectively can be modified by diamide-induced 
S-glutathionylation. However, only a total of 0.4 of these 
residues, which are available for mixed-disulphide formation, 
can be glutathionylated by GSNO. If GSNO-induced S-gluta- 
thionylation were not localized to one single protein thiol (i.e. 
0.4 mol GSH/cysteine residue), but equally distributed over all 
of these residues (i.e. 0.03 mol GSH per cysteine residue), the 
degree of thiolation at the level of individual protein thiols would 
be even lower than that observed for BSA and Hb (0.07 and 
0.21 mol GSH/mol protein respectively) and, therefore, might be 
too low to result in detectable GSNO-Sepharose binding. 
Definite conclusions, however, await further studies with the 
respective cysteine mutants. 

So far, little is known about the molecular basis of GSNO- 
induced protein thiolation and about possible factors that confer 
site specificity to this modification. Initially, it was proposed that 
NO induces S-glutathionylation via a two-step mechanism which 
involves S-nitrosation of the target protein thiol and subsequent 
replacement of the NO group by the glutathionyl moiety [13]. 
Our data on the reaction of S-nitrosated BSA with GSH- 
Sepharose (Figure 4) confirm that this pathway may in fact lead 
to the formation of a mixed disulphide between a protein and 
immobilized glutathione. However, the observation that BSA 
neither incorporated GSNO in solution nor bound to GSNO- 
Sepharose render it unlikely that such a mechanism accounts for 
the apparent selectivity and specificity of GSNO-induced mixed- 
disulphide formation observed here. More recently, it has been 
suggested that GSNO-induced protein glutathionylation involves 
a nucleophilic attack of the protein thiol on the sulphur of 
GSNO [14,17,20,21]. Thus the site-specificity of GSNO-induced 
thiolation may be explained in part by the basic micro- 
environment of the target cysteine which lowers its pK, value 
and thus increases the nucleophilicity and reactivity of the 
sulphur atom [58]. A comparison of the sequences and, where 
available, tertiary structures of the proteins that were found in 
the present study, both to incorporate GSH upon GSNO 
treatment and to bind to GSNO Sepharose, confirms that these 
proteins contain at least one cysteine residue that is surrounded 
by basic amino acids (results not shown). Finally, previous work 
on the molecular basis of protein S-glutathionylation suggests 
that the incorporation of GSH may be facilitated by protein- 
GSH interactions [22]. In support of this suggestion, kinetic data 
on the inhibition of aldose reductase by GSNO-mediated 
thiolation revealed that the reaction of the enzyme with GSNO 
is in fact preceded by tight-binding of the nitrosothiol to the 
active site of the enzyme [14]. Furthermore, molecular modelling 
of S-glutathionylated c-Jun would be compatible with stabil- 
ization of the mixed disulphide by electrostatic protein-GSH 
interactions, involving positively charged arginine and lysine 
residues in the protein and negatively charged carboxyl groups in 
the GSH moiety [23]. Similarly, a cluster of positively charged 
amino acids was proposed to facilitate S-glutathionylation 
of protein tyrosine phosphatase-]B [59]. We addressed this 
issue using GSNO ethyl ester-Sepharose as a probe for S- 
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nitrosothiol-induced disulphide formation and show that loss of 
the positive charges at the carboxyl moieties of the GSH molecule 
reduces binding of some proteins to the matrix (Figure 4). 
Although it cannot be excluded that impaired binding of proteins 
to GSNO ethyl ester-Sepharose is caused by stenc constraints 
imposed by the introduction of the ethyl ester groups, our results 
are compatible with the view that ionic interactions may con- 
tribute to GSNO-dependent S-glutathionylation. 

One further step to establish immobilized GSNO as a tool to 
isolate and identify novel targets of GSNO-induced S-gluta- 
thionylation from more complex protein mixtures was to subject 
HeLa cell nuclear extracts to covalent GSNO-Sepharose 
chromatography ['H]GSH-incorporation assays revealed that 
the proteins isolated by GSNO-Sepharose exhibit a > 10-fold 
higher capacity to undergo GSNO-induced mixed disulphide for- 
mation than the column flow-through (Table 3). Importantly, 
diamide-induced [SH]GSH incorporation was of the same 
order of magnitude in both protein fractions, indicating that the 
observed differences, with regard to GSNO-induced thiolation, 
were not due to a difference in the number of reactive thiols 
in the compared protein fractions. In keeping with the idea that 
diamide-induced [?H]GSH incorporation into a protein reflects 
the total number of cysteine residues that are accessible to mixed- 
disulphide formation, and assuming that the cysteine residues 
that undergo GSNO-induced [?H]GSH incorporation are con- 
tained within this group of diamide-sensitive thiols (Table 1), the 
ratio of GSNO- versus diamide-induced PHIGSH incorporation 
should be a measure for the relative number of cysteine residues 
that can be modified by GSNO-induced S-glutathionylation. 
Thus from the data presented in Table 3, it can be estimated that 
in the GSNO-Sepharose flow-through one out of 22 diamide- 
sensitive cysteine residues (ie. 3 versus 67 nmol PH]JGSH/mg 
protein) is modified by GSNO-mediated glutathionylation, 
whereas in the bound protein fraction one out of three diamide- 
sensitive cysteine residues forms a mixed disulphide with GSH in 
response to GSNO treatment (i.e. 37 versus 122 nmol PH]GSH/ 
mg protein). Thus the nitrosated matrix apparently selects for 
protein thiols susceptible to GSNO-induced mixed-disulphide 
formation (1.е. GSNO-induced thiolation) and not just simply 
for reactive thiol groups (i.e. diamide-induced thiolation). This is 
also reflected by the purification factors for proteins in the eluate 
that are susceptible to diamide and GSNO-inducible S- 
glutathionylation (2 versus 19 respectively). A potential limitation 
of this technique, however, is its poor yield. As evident from the 
data presented in Table 3, only 50 ug and 8% of the total 
amount of HeLa cell protein thiols that are susceptible to 
GSNO-dependent S-glutathionylation can be precipitated by the 
matrix. Saturation of the matrix сап be excluded as an ex- 
planation because, as estimated from Figure 1, the approx. 
5 ml of Sepharose used 1n these purifications should bind about 
1 mg of protein. One possible explication for this low yield 
may be residual 2-mercaptoethanol contained їп the incubation. 
To inhibit oxidation of cysteine residues during the preparation 
of the cell extract, the isolation buffers contained 0.1% 2- 
mercaptoethanol (see the Experimental section), which could 
both degrade the GSNO bond and reduce mixed disulphides. 
Although, the cell extract was diluted 100-fold in the final 
suspension with the GSNO-Sepharose, it should be taken into 
account that the final concentration of the thiol in the binding 
assay is approx. 100 4M. Although addition of 100 uM 2- 
mercaptoethanol to incubations of purified c-Jun and p50 with 
GSNO-Sepharose did not significantly lower the yield of bound 
proteins (results not shown), we cannot exclude the possibility 
that the same concentration of 2-mercaptoethanol interferes with 
binding of HeLa cell proteins. Nevertheless, our data indicate 


that nuclear proteins constitute a pool of, as yet, unidentified 
proteins which are susceptible to GSNO-induced thiolation We 
showed that purtfied c-Jun and p50, which are subunits of the 
АР-1 and NF-«B transcription factors respectively, bind to 
immobilized GSNO and can be S-glutathionylated by free GSNO 
in vitro. Consistent with these findings, analysis of the HeLa cell 
nuclear extracts by covalent GSNO—Sepharose chromatography 
and EMSA revealed that the DNA-binding activities of AP-1 and 
NF-«B can be precipitated by GSNO-Sepharose (Figure 5). 
The specificity of the nitrosothiol matrix was confirmed by the 
observation that the DNA-binding activity of CREB, which in 
terms of its DNA-binding site can be considered as a structural 
homologue of c-Jun, was retained by the matrix, whereas the 
transcription factors CP-1 and Spl did not bind. It is noteworthy 
that both CP-1 and Spl contain reactive cysteine residues in 
their DNA-binding domains. 

In conclusion, these data support the potential applicability of 
covalent GSNO-Sepharose chromatography to the isolation 
of cysteine-containing cellular proteins, including nuclear tran- 
scription factors, that can be modified by GSNO-induced S- 
glutathionylation. 
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Decreased cellular GSH content is a common finding in ex- 
permmental and human diabetes, in which increased oxidative 
stress appears to occur. Oxidative stress has been suggested to 
play a causative role in the development of impaired insulin 
action on adipose tissue and skeletal muscle. In this study we 
undertook to investigate the potential of GSH depletion to 
induce insulin resistance, by utilizing the GSH synthesis inhibitor, 
L-buthionine-[ S, R]-sulfoximine (BSO). GSH depletion (20-80 % 
In various tissues), was achieved in vivo by treating rats for 20 
days with BSO, and m vitro (8095) by treating 3T3-L1 adipocytes 
with BSO for 18 h. No demonstrable change in the GSH/GSSG 
ratio was observed following BSO treatment. GSH depletion was 
progressively associated with abnormal glucose tolerance test, 
which could not be attributed to impaired insulin secretion. 
Skeletal muscle insulin responsiveness was unaffected by GSH 
depletion, based on normal glucose response to exogenous 
insulin, 2-deoxyglucose uptake measurements in isolated soleus 
muscle, and on normal skeletal muscle expression of GLUT4 


protein. Adipocyte insulin responsiveness in vitro was assessed 1n 
3T3-L 1 adipocytes, which displayed decreased insulin-stimulated 
tyrosme phosphorylation of insulin-receptor-substrate proteins 
and of the insulin receptor, but exaggerated protein kinase B 
phosphorylation However, insulin-stimulated glucose uptake 
was unaffected by GSH depletion. In accordance, normal adipose 
tissue insulin sensitivity was observed in BSO-treated rats in vivo, 
as demonstrated by normal inhibition of circulating non-ester- 
ified fatty acid levels by endogenous insulin secretion. In con- 
clusion, GSH depletion by BSO results in impaired glucose 
tolerance, but preserved adipocyte and skeletal muscle insulin 
responsiveness. This suggests that alternative oxidation-borne 
factors mediate the induction of peripheral insulin resistance by 
oxidative stress. 


Key words. 3T3-L1 adipocytes, adipose tissue, insulin resistance, 
oxidative stress, skeletal muscle. 





INTRODUCTION 


Experimental and human diabetes is increasingly recognized as 
being associated with markers for increased oxidative stress. 
Despite methodological and conceptual difficulties in assessing 
increased oxidative stress in vivo [1], diabetic animals and humans 
display increased levels of oxidative products of lipids, DNA and 
protein [2-4]. Decreased antioxidant defence systems have been 
more difficult to demonstrate in diabetes. Assessment of the level 
of antioxidant vitamins and the activity of antioxidant enzymes 
have largely yielded conflicting results, attributable to cell type, 
patient selection and analytical methodology. Nevertheless, most 
available human studies have suggested decreased plasma vitamin 
C levels [5-7] and reduced activity of superoxide dismutase in 
leucocytes [8,9]. Moreover, a vast majority of the studies 
addressing the level of glutathione (either total or reduced form) 
demonstrate that glutathione levels in whole blood [10,11], 
platelets [12] and polymorphonuclear cells [13] are decreased 1n 
diabetic patients. In the streptozotocin-induced diabetic rat, 
GSH levels are also decreased in liver, kidney, heart and nerves 
[14—16]. As the major redox buffer of the cell, this decrease in the 
level of GSH may be viewed to' reflect and/or contribute to 
the oxidative stress and redox imbalance which accompanies the 
diabetic milieu. 

Defining whether increased oxidative stress plays a role in the 
pathophysiology of diabetes and its complications may be 


important both for understanding the disease processes, as well 
as for developing new therapeutic modalities. Various studies 
suggest that increased oxidative stress may play a role in the 
development of accelerated atherosclerosis in diabetes [17], in 
embryonal maldevelopment in diabetic pregnancies [18], and 
possibly in the pathophysiology of diabetic neuropathy, retin- 
opathy and cataract formation [2,19]. The pancreatic beta-cell 
was also shown to be target for oxidative stress [20]. Expression 
of antioxidant enzymes is very low in pancreatic islets [21], 
making them rather sensitive to glycation-mediated reduction of 
insulin gene transcription and beta-cell apoptosis [20,22,23]. In 
addition, several lines of evidence suggest that increased oxidative 
stress may play a role in peripheral insulin resistance. These 
mainly include clinical studies, which correlated oxidative stress 
parameters with the metabolic control of patients [4,24,25]. 
Other studies reported beneficial metabolic effects of phar- 
macological doses of vitamin E [26], vitamin C [27], GSH [28] or 
lipoic acid [29], when administered to healthy volunteers or to 
diabetic subjects. A direct impairment ın insulin responsiveness 
by reactive oxygen species has been demonstrated in cell culture 
systems [30-33]. In 3T3-L1 adipocytes, we have shown that 
micromolar H,O, treatment impaired various metabolic effects 
of insulin, including the stimulation of glucose uptake activity. 
The cellular mechanism involved alterations in the expression 
and translocation capacity of the insulin-sensitive glucose trans- 
porter GLUTA [34], and was associated with defective activation 


Abbreviations used, BSO, L-buthionine-[S, H]-sulfoximine, NEFA, non-esterified-fatty acid, GTT, glucose tolerance test, ITT, insulin tolerance test, 


PKB, protein kinase B, LMRT, low-molecular-mass reduced thiol 
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of protein kinase B (РКВ) [32]. Since these studies demonstrate 
the potential causative relationship between oxidative stress and 
impaired insulin response, a crucial issue is to define which redox 
parameter acts as a biological mediator. 

In the present study, we undertook to dissect out a potential 
role for decreased GSH levels in the development of impaired 
glucose homoeostasis and decreased response of insulin target 
tissues to its metabolic actions (insulin resistance). For this 
purpose, the -y-glutamylcysteine synthetase inhibitor L- 
buthionine-[S, R]-sulfoximine (BSO) was used to decrease tissue 
levels of GSH in normal rats, or to inhibit GSH synthesis in an 
insulin-responsive adipocyte cell line. Thereafter, glucose homo- 
eostasis was assessed in vivo, and the cellular response to insulin 
was investigated either ex vivo or in the cultured cells. Our results 
suggest that the marked decrease in GSH levels was associated 
with impaired glucose tolerance, but with preserved insulin- 
responsiveness of skeletal muscle and adipocytes. 


EXPERIMENTAL 
Animal treatment 


All protocols were approved in advance by the Ben-Gurion 
University Animal Studies Committee. Five-week-old male 
Sprague-Dawley rats were purchased from Harlan Laboratories 
(Jerusalem, Israel). They were kept on a 12-h light/dark cycle at 
23 °C, housed four in a cage. Standard rat chow and tap water 
© were provided ad libitum during the entire experiment. BSO 
(Sigma) was dissolved in saline and 2 mmol/kg body weight 
BSO or vehicle (n = 8 in each group) administered by a daily 
intraperitoneal injection between 9-11 a.m. for 20 days, following 
previously described protocols [35,36]. Glucose homoeostasis was 
evaluated during the treatment period by a glucose tolerance test 
(GTT) performed on days 8 and 16, following 18h of fast 
(intraperitoneal injection of 2 g/kg glucose), and by an insulin 
tolerance test (ITT) performed on day 18 of the study after 4 h 
fast (intravenous administration of 0.5 unit/kg recombinant 
human insulin). Blood glucose levels during both the GTT and 
ITT were expressed for each rat as a percentage of its glucose level 
at f= 0, and plotted as a function of time. The area under the 
curve for each rat was calculated using the KaleidaGraph 
version 3.04 (Synergy Software, Reading, PA, U.S.A.), and the 
mean value+S.E.M. calculated for each group 

At 20 h after the final treatment (day 20), and following a 12- 
h fast, animals were weighed, anaesthetized with phenobarbital 
(80 mg/kg, intraperitoneal), and the soleus muscle dissected out 
for ex vivo 2-deoxyglucose uptake measurements. Blood was 
then drawn by cardiac puncture into EDTA-containing test 
tubes, and an aliquot was taken for determination of low- 
molecular-mass reduced thiols (LMRTs), as described below. 
The remaining blood was centrifuged at 4 °C, and the plasma 
stored frozen in aliquots at —70 °C. Gastrocnemius muscle and 
liver were rapidly dissected out and frozen immediately ın liquid 
nitrogen for storage at —70 °C until used for further analyses. 
The pancreas was removed and cut into two parts, one was 
frozen at —70 °С for subsequent determination of immuno- 
reactive insulin content, and the other fixed in 10% phosphate- 
buffered formalin for immunohistochemical analysis. 


LMRTs, GSH and GSSG determinations 


Whole blood, liver and muscle LMRTs were measured spectro- 
photometrically according to Ellman’s method [37], as previously 
described [38]. Liver GSH and GSSG were measured spectro- 
photometrically by the glutathione reductase recycling assay, 
following a method described by Anderson [39]. 
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Pancreatic Insulin content 


Frozen pancreatic tissue was weighed and homogenized in 1 ml 
of ice-cold HCl/ethanol, as described in [40], followed by 
extraction for 24h at 4°C. The supernatant was removed 
following centrifugation and used for determination of insulin 
content after the appropriate dilution in RIA buffer (0.195 BSA 
in PBS, pH 7.4). 


Immunohistochemical studies 


Pancreatic tissue was fixed in 10% phosphate-buffered formalin 
and embedded in paraffin Multiple sequential sections (5 jan) 
were mounted on slides for immunohistochemical analysis. 
Deparaffinized sections were rinsed with PBS, and endogenous 
peroxidase blocked by exposure to 3% H,O, for 15 min at room 
temperature. For detection of islet hormones, sections were 
incubated with either guinea pig anti-insulin antibody at 1:100 
(Sigma), or with rabbit anti-glucagon serum (Immustain® ; DPC, 
Los Angeles, CA, U.S.A.), at 37 °C for 1 h followed by detection 
using a strepavidin-biotin peroxidase complex developed with 
aminoethylcarbazole substrate (Zymed Laboratories, San 
Francisco, CA, U.S.A.). Two sections per animal, containing 
30-40 islets each, were evaluated by light microscopy at x 200 
magnification. 


2-Deoxyglucose uptake Into Isolated soleus muscle — ^ 


Soleus muscles were dissected out immediately after the induction 
of anaesthesia, and incubated in the absence or presence of 2 m- 
units/ml human insulin, after which 2-deoxyglucose uptake was 
determined exactly as described in [41]. 


Cell culture and treatment 


313-L1 pre-adipocytes (A.T.C C ), were grown in six-well plates 
and differentiated to adipocytes, exactly as described in [30,34]. 
In all experiments, fully differentiated cells (10-12 days post- 
differentiation induction) were used. Cells were washed three 
times with PBS, and incubated for 18 h in serum-free medium, 
supplemented with BSA (0.595 w/v, RIA grade), in the absence 
or presence of 0.5 mM BSO. Alternatively, cells were incubated 
after 16 h of serum deprivation for an additional 2 h with glucose 
oxidase (Sigma; 100 m-units/ml), which generated a constant 
medium H,O, concentration of approx. 25 uM, as previously 
described [32]. Protein recovery and 3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyl-2H-tetrazolrum bromide (MTT) test confirmed cell 
viability At the end of the incubation period, cells were washed 
three times with PBS, and incubated with or without 100 nM 
human insulin for either 7 min (for cell lysate preparation) or 
20 min for glucose transport activity. Hexose transport activity 
was evaluated by the uptake of 2-deoxy-['H]glucose (50 «М, 
1 uCi/ml), during 10 min incubation of the cells, as previously 
described [30]. Non-specific uptake was determined with 50 uM 
cytochalasin B, which was added to the reaction mixture. 


Membrane preparations, total cell lysates and Western-blot 
analysis 


Gastrocnemius muscle total membranes were prepared as pre- 
viously described [42]. Total membranes of 3T3-L1 adipocytes (a 
single well of a six-well plate per condition) were prepared 
exactly as we previously described [32]. SDS/PAGE (7.5% or 
10%) and Western-blot analysis, for detecting total membrane 
GLUT4 content, were carried out using anti-GLUT4 antibody 
(Chemicon International, Temecula, CA, U.S.A.). PKB phos- 
phorylation was detected in total cell lysates using serine-473 


Z 
V 


+ 


PKB antibodies (New England Biolabs), and tyrosine phos- 
phorylation state using anti-phosphotyrosine (4G-10) antibodies 
(Upstate Biotechnology, Lake Placid, NY, U.S.A.). Blots were 
then incubated with horseradish peroxidase-conjugated anti- 
rabbit IgG (Amersham Life Sciences), after which luminescence 
was detected by enhanced chemiluminescence (Pierce, Rockford, 
IL, U.S.A.). Density values of the different bands were obtained 
after scanning the blots with video densitometry using the UVP- 
GDF 5000 system (UVP Inc , San Gabriel, CA, U.S.A.), followed 
by quantification using Image Quant version 3.3 (Molecular 
Dynamics, Palo Alto, CA, U.S.A.). 


Other assays 


Blood glucose was measured using a glucometer (Glucometer 
Elite; Bayer Diagnostic, Tarrytown, NY, U.S.A.). Insulin RIA 
was performed using anti-insulin coated tubes (ICN Pharma- 
ceuticals, Costa Mesa, CA, U.S.A.), and !**]-insulin from Linco 
Research, St Charles, MO, U.S.A.) Rat insulin was used as a 
standard. Protein was measured using the Bio-Rad protein assay 
[43]. Plasma non-esterified fatty acid (NEFA) concentration was 
determined using a commercial kit (Roche Molecular Bio- 
chemicals, Mannheim, Germany) 


Statistical analysis 


The non-parametric Mann-Whitney test was used to determine 
the U value for differences between the control (vehicle treated) 
and BSO-treated animals Student's t-test was used to determine 
significance of changes between treated and control cells. In both 
cases an a- or P-value of 0.05 was set as the threshold of 
statistical significance 


RESULTS 


Five-week-old rats were treated for 20 days with the y-glutamyl- 
cysteine synthetase inhibitor BSO, by a daily intraperitoneal 
injection (2 mmol/kg per day), following a previously described 
protocol [36]. BSO treatment was not associated with mortality, 
diarrhea, or any noticeable adverse effects. Consistent with. 
previous reports [36], weight gain during the 20 days of treatment 
was decreased by approx. 8 % in the BSO-treated animals (Table 
1). As expected, BSO treatment resulted in decreased plasma and 
tissue levels of LMRTs, of which GSH 1s the major contributor. 


Table 1 Effect of 20 days BSO-treatment on weight gain, LMRT content— 


and liver glutathione 


Five-wesk-old rats were treated by a daily intraperitoneal injection of either vehicle or BSO for 
20 consecutive days At the end of the experiment, rats were fasted for 12 h then weighed and 
anaesthetized, after which tissues and blood were collected, as described in the Experimental - 
sechon Values are means SEM 


* P< 005 compared with control animals 


Contro! (vehicle, n == 8) В50 (л = 8) 

Weight gain (0) 128.3 3-44 1180425 
LMRTs 

Whole blood (uumol/g Hb) 1220+1 05 7 63 +0 57" 

Gastrocnemius muscle (amog) 074 43-0 06 011-001“ 

Liver (mol/g) 5 404-060 423 +0 60” 
Liver glutathione (mol/g) 

GSH 325 +0 44 1940.33 

GSSG 0 082 +0 001 0 040 -+ 0 001" 

GSH/GSSG 400+52 50 0 3-7 43 
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Figure 1 The effect of BSO treatment on steady-state glucose and Insulin 
levels, and on the dynamic glucose levels during GTT 


Five-week-old rats were treated with BSO or vehicle (7 == 8 for each group) by a daily 
Intraperitoneal injection. (A) At the end of the expenment (day 20), fed-state glucosa levels were 
measured in tal blood, and again following 12 h of fasting Fasting circulating insulin levels 
were also determined After the 8th or the 16th treatment (B,C respectively), animals were fasted 
overnight and 2 g/kg glucose administered as described in the Experimental sachon Glucose 
levels in tat blood was measured at the Indicated times, and presented for each rat as % of 
the value at f== 0 (immediately before glucose administration) Each ролі 15 presented as 
means -SEM *P < 0.05 compared with vehicle-treated animals at the same time point 


Whole blood and skeletal muscle LMRT levels were reduced to 
634-594 and 14+ 1 % respectively of the levels measured ın the 
control group (Table 1). In liver, the effect of BSO treatment on 
LMRTs and on the GSH/GSSG ratio was evaluated. Only a 
mild 20 94 decrease in LMRTs was observed in BSO-treated rats, 
whereas the GSH/GSSG ratio was not decreased, consistent 
with a previous report using the same BSO dose [36]. 
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Figure 2 Photomicrographs of pancreatic sections from control and B80-treated rats immunostained for insulin or glucagon 
At the end of the expenment (see the Experimental section), control (A,B) and BSO-treated rats (D,D) were anaestheszed and the pancreas dissected out, followed by preparation of histological 


sechons, and immunostaining with insulin (A,C) or glucagon (B,D) antibodies 


In order to determine the potential causative role of GSH 
depletion on the induction of peripheral insulin resistance and 
impaired glucose homoeostasis, the following experiments were 
performed: (1) steady-state levels of blood glucose and plasma 
insulin were evaluated in the fed and fasting states, and the 
dynamic changes in blood glucose concentrations determined 
following administration of a glucose (GTT) or insulin load 
(ITT); (2) skeletal muscle responsiveness to insulin was studied 
by an ex vwo measurement of glucose uptake into soleus muscle 
in the absence or presence of insulin, and by measuring GLUT4 
protein content in gastrocnemius muscle; and (3) adipose insulin 
sensitivity was evaluated i? vivo by measuring the dynamic 
changes 1n circulating NEFAs during GTT, and in vitro by the 
use of the 3T3-L1 adipocytes cell line model. 

The effect of 20 days of BSO treatment on the steady-state 
levels of glucose in the fed and fasting states are presented in 
Figure 1(A). As can be noted, GSH depletion was not associated 
with elevated blood glucose levels, and in fasting conditions was 
found to be lower than in control animals. Fasting plasma insulin 
concentrations were also significantly lower 1n the BSO-treated 
animals. Figures 1(B) and 1(C) demonstrate glucose levels 
following an intraperitoneal injection of 2 g/kg glucose (GTT) 
after 8 and 16 treatments respectively. As can be noted, 
following 8 days of treatment, the increase in glucose levels 
10 min and 20 min after the glucose load was greater in the BSO 
group relative to control. Following 16 days of BSO treatment, 
this impairment in glucose tolerance became more pronounced, 
with glucose levels at the 30-min time point also significantly 
increased. At day 8, the calculated area under the curve was 
12258 +1560 and 13045 + 642 (arbitrary units) for the control 
and BSO-treated groups respectively. Following 16 treatments, 
the respective area under the curve values were 12198 + 1298 and 
14990 + 718, a difference which reached statistical significance (P 
= 0.001). To exclude impaired insulin secretion as the cause for 
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the abnormal GTT in BSO-treated rats, circulating insulin levels 
were measured during the GTT, and were found to be identical 
between the two groups at time points 5, 15 and 60 min (results 
not shown). Moreover, there was no change in pancreatic 
immunoreactive insulin content (18.5 4- 4 4 and 19.8 - 4.5 nmol/g 
tissue in control and BSO-treated rats respectively), and islet 
architecture was found to be normal (Figure 2). Collectively, the 
data presented in Figures 1 and 2 demonstrate that GSH 
depletion was associated with impaired glucose tolerance, but 
not with impaired beta-cell function. 

We further assessed whether the abnormal GTT resulted from 
skeletal muscle and/or adipose tissue (peripheral) insulin re- 
sistance. Insulin administration (0.5 unit/kg) resulted in a rapid 
decrease in blood glucose levels, that were restored to the basal 
levels after 60 min. BSO treatment was not associated with 
blunting of the glucose curve during ITT (Figure 3A). Skeletal 
muscle responsiveness to insulin was also assessed ex vivo by 
measuring 2-deoxyglucose uptake into isolated soleus muscle in 
the absence and presence of insulin. In control animals, exposure 
of soleus muscle to insulin augmented hexose uptake from 66 +4 
to 113411 pmol/mg muscle per 20 min. Similarly, in BSO- 
treated rats 2-deoxyglucose uptake increased from 68+7 to 
121+13 pmol/mg muscle per 20min Both basal and insulin- 
stimulated glucose uptake values were not significantly different 
between the two groups. Accordingly, the protein content of the 
insulin-responsive glucose transporter GLUTA, previously shown 
to be reduced in gastrocnemius muscle membranes of diabetic 
rats [38,41], was not affected by BSO treatment (representative 
blot shown in Figure 3B). 

The effect of GSH depletion by BSO on adipocyte insulin 
responsiveness was assessed both at the cellular level, by utilizing 
3T3-L 1 adipocytes, as well as in vivo. This cell line was selected 
since it is an acceptable model for adipose tissue, uniquely 
displaying both insulin signalling, as well as metabolic insulin 


Us 
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Figure 3 The effect of BSO treatment on dynamic glucose levels during 
ІТТ, and on gastrocnemius muscle total membrane GLUTA protein content 


(A) ITT was performed on BSO- or vehucle-treated animals (л = 4 in each group) after the 17th 
treatment, as described tn the legend for Figure 1 At each time point, 250 д] of tal blood was 
collected, assayed for glucose and the data analysed (ses the Experimental section) Results 
are means+SEM (B) Total membranes were prepared from gastrocnemius muscle, and 
GLUT4 protein content was assessed using Western-blot analysis Shown 15 a representative 
blot, as well as densitometry analysis (means -+ S.E M , in arbitrary units) of GLUT4 content as 
measured in muscles of elght rats in each group 


Table 2 Cellular glutathione content in 3T3-L1 adipocytes treated with 
BSO or H,0, 


Fulty differentiated 3T3-L1 adipocytes were incubated for 18 h in serum-deprived medium wrth 
of without 05 mM BSO, or exposed for the last 2 h of incubation to approx 25 uM НО, 
produced by adding glucose oxidase to the culture medium Calls were then washed three times 
with PBS, and assessed for GSH and GSSG content, as described in the Experimental section 
Results are means-+S.EM. of three expenments, each performed in duplicates UD, 
undetectable 


BSÜ H202 
Control (05mM, 18) — 254M,2h) 
GSH (nmoles/mg of protein) 32 07 +2 28 540-0807 18 65 + 2 62° 
GSSG (nmoles/mg of protein) 0 26 3: 0 06 UD 0 27 -+ 0.04 
GSH/GSSG 1235::185 – 693 25° 


* P« 005 compared with control cells 
T Р< 0001 compared with control cells 
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responsiveness. In addition, we have previously shown 1n this cell 
line that oxidative stress, characterized by a significant decrease 
in cellular GSH, results in impaired insulin action [30,34] As 
shown in Table 2, 18 h incubation with 0.5 mM BSO resulted in 
an 80% reduction in cellular GSH content, with GSSG levels 
below the detection limits of the glutathione reductase recycling 
assay. As expected, exposure of the cells for 2 h to approx. 25 uM 
Н.О, resulted in a significant decrease in GSH, but also in 
decreased GSH/GSSG ratio. The insulin-signalling cascade was 
analysed under these conditions. In control cells, insulin stim- 
ulated the tyrosine phosphorylation of the f-subunit of the 
insulin receptor (95 kDa band) and of insulin-receptor-substrate 
proteins (approx 180 kDa). In BSO-treated cells, tsulin- 
stimulated phosphorylation of these two major phosphotyrosine 
bands tended to decrease (Figure 4A). The effect of H,O, 
treatment of the cells on insulin-stimulated tyrosine phos- 
phorylation is shown as comparison. Incubation with H,O, was 
associated with several phosphotyrosine bands, one of which 1s 
a high-molecular-mass (approx. 200 kDa) protein, as previously 
described [44]. Following insulin stimulation, an exaggerated, 
rather than decreased, tyrosine phosphorylation of insulin- 
receptor-substrate and the f-subunit of the insulin receptor 
could be observed The effect of BSO on more distal events in the 
insulin-signalling cascade was addressed by measuring insulin- 
induced serine-473 phosphorylation of PKB, a key enzyme in the 
metabolic signalling pathway of insulin. As shown in Figure 4(B), 
BSO treatment resulted in a mild increase (P > 0.05) of insulin- 
induced phosphorylation, without affecting total PKB-« content 
(results not shown). In contrast, cells exposed to 25 uM H,O, 
displayed increased basal PKB phosphorylation, as well as a 
significant reduction in the ability of insulin to stimulate PKB 
phosphorylation. Consistent with this observation were the 
findings on the effects of BSO and H,O, on insulin-stimulated 
hexose transport activity. While GSH depletion by BSO did not 
significantly affect basal or insulin-stimulated 2-deoxyglucose 
uptake activity, H,O, exposure significantly impaired the capacity 
of insulin to stimulate 2-deoxyglucose uptake (Figure 4C). 
Moreover, consistent with the data obtained in skeletal muscle, 
total membrane GLUT4 protein content in BSO-treated 3T3-L1 
adipocytes was comparable with control cells (results not shown). 

The in vivo relevance of these findings to adipose tissue insulin 
responsiveness was addressed by measuring plasma NEFA levels 
during GTT, since adipose tissue acutely responds to insulin by 
inhibition of lipolysis. As shown in Figure 4(D), fasting NEFA 
levels rapidly decreased following glucose administration and 
endogenous insulin secretion. In BSO-treated rats, this response 
was comparable with that observed 1n control rats, suggesting 
normal adipose tissue responsiveness ín vivo. Collectively, these 
data indicate that skeletal muscle and adipocyte insulin-re- 
sponsiveness remained intact, despite GSH synthesis inhibition 
and a significant depletion of tissue and cellular GSH. 


DISCUSSION 


This study addresses the hypothesis that decreased cellular or 
tissue levels of GSH could mediate the effects of oxidative stress 
on glucose homoeostasis and insulin responsiveness. Recent 
studies from several groups, including our own, have demon- 
strated that oxidative stress impairs the normal cellular response 
to insulin [30,31,33]. Decreased GSH levels were found in both 
3T3-L1 adipocytes exposed to a H,O,-generating system [44], 
and also in blood and tissues of streptozotocin-induced diabetic 
rats [38], ın which impaired penpheral insulin sensitivity was 
observed. These data established an association between de- 
creased GSH content and impaired insulin response, raising the 
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Figure 4 The effect of BSO treatment on adipocyte insulin sensitivity 
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(A,B) Differentated 3T3-L1 adipocytes were either treated with 0 5 mM BSO in serum-free medium for 18 h or exposed for the last 2 h to glucose oxidase in the culture medium, generating 1,0, 
at a concentrabon of approx 25 4M Cells were then nosed ев times with PBS and incubated for an additional 7 min with or without 100 nM insulin, after which cell tysates and Westem- 
blot analyses were performed as described in ihe Expenmental section Blots shown are representative of at least іме different experiments yielding similar results "P < 0 05 compared with contro! 
cells (C) without insulin &P < 0.001 compared with Insulin-stimulated control cells Abbrevations’ Anti-pY, anti-phosphotyrosine, IR, insulin receptor, IRS, insulin-receptor substrate (D) At the 
and of the BSO or H,0, treatments, cells were rinsed and Incubated for an additional 20 min with or without 100 nM insulin, after which 2-deoxyglucose uptake was assessed Results are 
means +SEM of six independent experiments performed at least in duplicate "P < 0 05 compared with control cells without insulin. € P < 0 001 compared with insulin-stimulated control cells. 
(D) Dunng a GTT performed after the 17th day of treatment, plasma NEFA (FFA) concentrabons were measured at the indicated time points Results are means - SEM of four animals in each 


group 


possibility that decreased GSH is causative in impairing insulin 
action. 

Several potential cellular mechanisms, to explain how de- 
creased GSH content would potentially affect peripheral 1nsulin 
action, could be raised. Insulin stimulates glucose transport and 
metabolism in adipocytes and in skeletal muscle by inducing the 
translocation of glucose transporters (GLUT4) from internal 
membrane pools to the plasma membrane [45,46]. This complex 
process may potentially be affected by GSH depletion, modu- 
lating either the metabolic insulin signalling or GLUTA protein 
expression. 

3T3-L] adipocytes exposed to oxidative stress characterized 
by decreased GSH and GSH/GSSG ratio ([44] and Table 2), 
demonstrated impaired insulin-stimulated glucose transport and 
GLUTA translocation [34]. These could be attributed to impaired 
capacity of insulin to stimulate the phosphorylation and activity 
of PKB, a key enzyme in the metabolic signalling of insulin [32]. 
When cellular GSH content was increased by pretreating the 
cells with lipoic acid, these effects of oxidative stress were 
significantly prevented [44]. In addition, GLUTA translocation 
has been demonstrated to depend on N-ethylmaleimide-sensitive 
proteins (reviewed in [45,46], and SH reagents have been shown 
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to affect the insulin signalling apparatus [47,48] providing 
additional potential targets for GSH depletion. In the present 
study, however, cellular depletion of GSH which was not 
associated with a decreased GSH/GSSG ratio (Tables 1 and 2), 
did not cause impaired capacity of insulin to trigger the serine 
phosphorylation of PKB (Figure 4B). Consistently, insulin- 
stimulated glucose transport activity, severely impaired by ex- 
posure to H,O,, was not significantly affected by BSO treatment 
(Figure 4C). 

The importance of normal GLUT4 levels for maintaining 
glucose homoeostasis has been conclusively demonstrated using 
heterozygous GLUT4-knockout mice, which develop insulin 
resistance and a Type II diabetes-like syndrome [49]. 3T3-L.1 
adipocytes exposed for 18 h to micromolar H,O, concentrations 
exhibit decreased GLUT4 protein and mRNA expression [30]. In 
skeletal muscle of streptozotocin-induced diabetic rats, GLUT4 
protein levels were decreased, which was associated with de- 
creased GSH content [38,41]. Moreover, multiple regression 
analysis demonstrated skeletal muscle GSH content as an 
independent predictor for GLUT4 protein levels [38]. Further- 
more, when skeletal muscle GSH content was increased by 
treating diabetic rats with lipoic acid, GLUT4 protein content 


$ 


a 


* 


was increased [38,41]. Yet, in the present study, decreased GSH 
levels induced by inhibiting 1 synthesis by BSO (Table 1), were 
not associated with decreased GLUT4 protein content, neither 
in the cell line, nor ш rat skeletal muscle (Figure 3B). This was 
despite the fact that the degree of GSH depletion achieved 
was at least comparable, if not greater than, GSH depletion 
observed following H,O, treatment of the cells (Table 2), or in 
diabetes [38]. Thus the present study does not support the notion 
that GSH levels in themselves regulate GLUT4 protein levels. 

Several interpretations of the data, demonstrating lack of 
effect of GSH depletion on peripheral insulin action, can be 
generated. Firstly, the degree or duration of GSH depletion 
achieved in vivo may not have been sufficient to produce an effect 
on insulin signalling However, GSH depletion in BSO-treated 
cells and animals was greater than that observed with H,O,- 
treated cells (Table 2) or 1n diabetic rats [38], both of which 
displayed impairment in insulin action Thus it is possible that 
other antioxidant defence mechanisms compensated for the 
decrease in GSH content under our experimental conditions At 
the cellular level, it could be speculated that GSH depletion by 
BSO did not occur at a cellular compartment critical for normal 
insulin responsiveness. 

An alternative line of reasoning may be, that GSH depletion 
in itself 1s not the mediator of oxidative stress-induced insulin 
resistance, at least not as an independent factor. It is noteworthy, 
that BSO treatment at higher doses is associated with both 
vitamin E and vitamin C depletion and elevated lipid per- 
oxidation products [50]. The dose used in the present study, 
however, allowed us to assess the isolated effect of GSH depletion 
without simultaneous generation of lipid peroxidation products 
[36]. Inhibiting GSH synthesis resulted 1n decreased GSH content, 
but also in decreased GSSG (Table 1), whereas oxidative stress 
is associated with increased formation of oxidized moieties, such 
as GSSG (manifested by a decreased GSH/GSSG ratio) and 
protein-SG. Oxidative- and lipid peroxidation-induced modifi- 
cation of proteins may alter their function, as well as their 
degradation through the proteasome protein-degradation system 
[51,52]. It 18 therefore suggested that isolated inhibition of GSH 
synthesis does not mimic the complex reactions associated with 
oxidative stress, in which oxidative modification of proteins and 
additional cell components occurs, each acting alone or in 
concert as the biologically significant mediator in the induction 
of insulin resistance. 

Although GSH depletion did not cause measurable insulin 
resistance at the skeletal muscle and adipocyte level, progressive 
impairment of glucose tolerance did occur with BSO treatment 
(Figures 1B and 1C). Since no evidence for beta-cell dysfunction 
could be demonstrated, the reason for glucose intolerance 
induced by BSO treatment remains elusive. It could either reflect 
alterations in glucose utilization by tissues other than skeletal 
muscle and adipocytes addressed in this study (e.g. liver), or by 
tissues in which glucose utilization is not insulin dependent. In 
that sense, GSH depletion in itself may contribute to the overall 
impairment in glucose homoeostasis in diabetes. 

In conclusion, this study demonstrates that decreasing cellular 
or tissue levels of GSH by inhibiting its synthesis, cannot 
reproduce the impaired insulin responsiveness of skeletal muscle 
and adipocytes that occurs in response to oxidative stress or to 
chronic hyperglycaemia. These data suggest that alternative or 
additional oxidation-borne factors function as biologically rel- 
evant mediators of oxidative stress-induced insulin resistance. 
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N-arginine (R) dibasic (NRD) convertase (nardilysin; EC 
3.4.24 61), a metalloendopeptidase of the M16 family, specifically 
cleaves peptide substrates at the N-terminus of arginines in 
dibasic motifs in vitro. In rat testis, the enzyme localizes within the 
cytoplasm of spermatids and associates with microtubules of 
the manchette and axoneme. NRD1 and NRD2 convertases, two 
NRD convertase isoforms, differ by the absence (isoform 1) or 
presence (isoform 2) of a 68-amino acid insertion close to the 
active site. In this study, we overexpressed both isoforms, either 
by vaccinia virus infection of BSC40 cells or transfection of COS- 
7 cells. The partially purified enzymes exhibit very similar 
biochemical and enzymic properties. Microsequencing revealed 
that NRD convertase is N-terminally processed. Results of 


immunocytofluorescence, immunoelectron microscopy and sub- 
cellular fractionation studies argue in favour of a primary 
cytosolic localization of both peptidases. Although the putative 
signal peptide did not direct NRD convertase into microsomes in 
an in vitro translation assay, biotinylation experuments clearly 
showed the presence of both isoforms at the cell surface. In 
conclusion, although most known processing events at pairs of 
basic residues are achieved by proprotein convertases within the 
secretory pathway, NRD convertase may fulfil a similar function 
in the cytoplasm and/or at the cell surface 


Key words: cell-surface biotinylation, extracellular endoprotease, 
M16 family, proprotein processing, testicular enzyme. 





INTRODUCTION 


Several members of the M16 family of metalloprotetnases [1,2] 
have been implicated in the proteolytic processing of peptides or 
proteins. Examples include insulin-degrading enzyme (nsulysin; 
EC 3.4.24.56 [3,4], mitochondrial matrix-processing protease 
([5], for а review see [6] and chloroplast-processing endo- 
peptidase [7,8], these two involved in the removal of the N- 
terminal transit peptide of nuclear-encoded proteins, yeast pro- 
a-factor-processing proteases, Axll and Ste23 [9,10], and N- 
arginine (R) dibasic convertase (NRD convertase, or nardilysin; 
EC 3.4.24.61). 

First discovered in rat brain cortex [11,12], NRD convertase 
was purified from testis, where it is particularly abundant ([13], 
for reviews see [14,15]). In vitro, this metalloendopeptidase cleaves 
various peptides such as somatostatin-28 (S-28), dynorphin A 
and atrial natriuretic factor at the N-terminus of arginines within 
paired basic residues [13], canonical processing sites for secretory 
precursor proteins [16,17]. The analysis of the first NRD 
convertase cDNA obtained from rat testis [18] predicted an 1161- 
amino acid (aa)-long sequence containing a highly acidic stretch 
of 71 residues (79 % Glu and Asp) and an HXXEH motif found 
in the catalytic site of several metallopeptidases [19,20]. Recently, 
a second NRD convertase cDNA was identified in human and 
rat testis [21]. The deduced aa sequence, NRD2 convertase, 
differs from the originally characterized NRD1 convertase by a 


68-aa insertion between the acidic stretch and the HXXEH 
motif. Using a specific probe for each NRD isoform, Northern- 
blot analyses demonstrated that the NRD2 convertase isoform 
represents 50 and 10% of the total NRD convertase transcripts 
in human and rat testis, respectively [21]. However, since attempts 
to obtain rat NRD2 (rNRD2) convertase-specific antibodies 
remain unsuccessful, the ratio in vwo of the two protein isoforms 
in testis and other tissues could not be evaluated. In human, the 
gene encoding NRD convertase was localized to chromosome 
1p32 [21]. 

Although NRD convertase expression was detected in most of 
the tissues analysed [13,21,22], testis remains its major expression 
site in the adult rat. In this tissue, NRD convertase synthesis 1s 
restricted to germ cells and 1s regulated during spermiogenesis 
[23] While detected at low levels ın young spermatids, the 
protein accumulates in the cytoplasm of elongated spermatids 
with a noticeable concentration at the level of two microtubular 
structures, the manchette and the axoneme [23]. Its regulated 
expression during spermatogenesis and 115 concentration in the 
flagellum suggest a role in the differentiation of the male germ 
cell. Furthermore, murine NRD convertase transcripts were 
detected on embryonic day 10.5, almost exclusively within neural 
tissues, suggesting that the enzyme plays specific roles in neuronal 
development as well [22]. NRD convertase mRNAs were also 
detected in all cell lines analysed [21] Recently, this endo- 
peptidase was rediscovered as a dynorphin-converting enzyme in 
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the culture medium of the mouse thymus-derived cell line EL-4 
[24]. Thus NRD convertase appears to be localized 1n the cyto- 
plasm and/or to be secreted by some cell types, including the 
male germ cells [23]. Although the N-terminus of the protein 
shows some characteristics reminiscent of a signal peptide [25], 
its functionality remains to be established. 

To study the potential differences existing between the two 
closely related NRD convertase isoforms, we overexpressed 
them by infecting BSC40 cells with recombinant vaccinia viruses 
(VVs). rNRDI and rNRD2 convertases were then partially 
purified, and their biochemical and enzymic properties analysed. 
Their subcellular localization was investigated in transiently 
transfected COS-7 cells and/or infected BSC40 cells by immuno- 
fluorescence (IF), immunoelectron microscopy (ТЕМ), sub- 
cellular fractionation and biotinylation of cell-surface proteins. 
The ability of the N-terminus of NRD convertase to function m 
vitro as a signal peptide was also assessed. 


EXPERIMENTAL 
Cell culture 


BSC40 and COS-7 cells were respectively maintained 1n minimal 
essential medium (Gibco-BRL, Life Technologies, Paisley, 
Scotland) and Dulbecco's modified Eagle's medium containing 
10% fetal bovine serum and 25 ug/ml gentamucin (all from 
Gibco-BRL) at 37 °С in 5% CO,. 


Plasmid constructions 


The 3’-untranslated region of the rNRD1 convertase cDNA in 
pBluescript II SK* (pBIrNRDI [18]) was shortened by replacing 
the Nsil-Hindlll digestion product with a PCR fragment that 
inserts a HindIII restriction site 26 bp downstream of the stop 
codon (pBlrNRDIexp3’). This modified cDNA was then sub- 
cloned as a Smal-Hindlll fragment into the EcoRV and HindIII 
sites of the mammalian expression vector pcDNA3 (Invitrogen, 
Leek, The Netherlands). The removal of the 5’-untranslated 
region was achieved in two steps. The 3592-bp Smal- 
HindIII fragment was first digested with BstUI to remove the 
whole 5’-untranslated region plus 16 bp of the open reading 
frame. This was then ligated with a 24-bp-long linker composed 
of two annealed oligonucleotides, 5'-TCGACAGAATGCTGA- 
GGAGAGTCG-9’ and 5-CGACTCTCCTCAGCATTCTG-3,, 
thereby introducing a Sall site 4 bp upstream of the initiation 
codon and a nucleotide context respecting Kozak's rules [26] 
This ligation product was digested by Sall and subcloned into 
the VV transfer plasmid pMJ601 [27] to generate pMJ601- 
rNRDI. The pMJ601-rNRD2 and pcDNA3-rNRD2 vectors 
were obtained by replacing the Ве fragment (nt 439-1290) 
with a BgilI cassette contaming the 204-bp insertion of rNRD2 
convertase. 

For m vitro translation experiments, the BamHI fragment 
of pBITNRD1, containing part of the polylinker and nt 1-1348 of 
rNRDI convertase cDNA, was cloned into the BamHI site of the 
mutagenesis vector 12131 (Sculptor, Amersham Pharmacia 
Biotech, Uppsala, Sweden). In order to introduce a HindIII site 
at position 45, the underlined nucleotides shown here were 
mutagenized by the use of the oligonucleotide 5’-CTAGAGC- 
GGCCGCAAGCTTAGCGC-3’. The resulting HindIlI-BamHI 
fragment was subcloned in pBluescript П KS* to generate 
pBIS'TNRDIA 1-44. The vector containing the full-length cDNA 
of the rabbit neutral endopeptidase (NEP, or neprilysin; EC 
3.4.24.11 [28]) under the control of the SP6 RNA polymerase 
promoter (pSP6NEP) was kindly provided by Dr G. Boileau 
(University of Montreal, Montreal, Quebec, Canada). 
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VV Infections 


The pMJ601 constructs were used to produce NRD convertase 
recombinant VV [27]. VV.mPCS5* in which the active-site Sert 
of the proprotein convertase PC5 was mutated to Ala has been 
described previously [29]. VV: #Gal expressed the Escherichia 
coli B-galactosidase (6-Gal). For enzyme preparation, subcellular 
fractionation and biotinylation, confluent BSC40 cells were 1n- 
fected at a multiplicity of infection of 5. Parallel plates were 
either not infected, or infected with the wild-type virus (VV: WT) 
or the recombinants VV.rNRD1, VV:rNRD2, VV:mPC5* or 
VV:fGal Following 30-min infections at 20°C in PBS con- 
taining 1 mM MgCl, and 0.01 % BSA, the inoculum was replaced 
by minimal essential medium. Cells were incubated at 37 °C for 
either 16-18 h for enzyme preparation or 4—5 h for subcellular 
fractionation and biotinylation experiments. They were then 
scraped into a Dulbecco’s PBS (D-PBS, Gibco-BRL) medium 
and collected by centrifugation (1000 g for 10 min) or treated 
with biotin. 


Enzyme preparation 


A single Wistar rat testis (Pelfreeze, Rogers, AR, U.S.A.) or 
pooled duplicate naive or infected BSC40 cells (4 x 10° cells) were 
homogenized in 50 mM Tris/HCl, pH 7.5, containing 5 mM f- 
mercaptoethanol, and centrifuged at 14000 е for 15 min. The 
supernatant (homogenate) was applied to a DEAE-Trisacryl M 
ion-exchange column (10 ml bed volume; BioSepra, Villeneuve 
la Garenne, France) pre-equilibrated with 50 mM Tris/HCl, pH 
7.5/150 mM KCI. After washing with 50 ml of the same buffer, 
the column was eluted with a 30-ml linear gradient from 150 to 
400 mM KCl in 50 mM Tris/HCl, pH 7.5. Fractions (1 ml) were 
collected and assayed for enzyme activity. Pools of active 
fractions (post-DEAE pools) were concentrated and desalted on 
Ultrafree-30K (Millipore, Molsheim, France) and used in 
enzymic assays, analysis by SDS/PAGE (8%, gel) and Western 
blotting or N-terminal sequencing. Purified NRD convertase was 
prepared from rat testis as described previously [13]. 


pH optima and inhibitor profiles 


Routine enzyme assays were carried out by incubation of an 
aliquot of the enzyme preparation with either 5 ug of PRE- 
RKAGAKNY-NH, ([Ala", Tyr?*]S-28-(10-20)-NH,, residues 
10-20 from S-28, the 17th (Ala) and 20th (Tyr) residues being 
different from the wild-type sequence [11]) in 50 mM Tris/HCl, 
pH 8.9 (buffer A), or 3.5 ug of dynorphin A (Sigma, St. Louis, 
MO, U S.A.) in 250 mM Tris/HCl, pH 7.5 (buffer B), in a 100- 
#l final volume. The reaction was stopped by adding 10 ul of 
concentrated acetic acid and analysed by reverse-phase HPLC 
on a u-Bondapak C,, column, as described in [13]. For the 
inhibition study, enzymes were preincubated with the inhibitor 
for 15 min at 37 °С, prior to the addition of the substrate. A 
control incubation without inhibitor was defined as 100% 
endopeptidase activity. For pH-optima determinations, the sub- 
strate PRERKAGAKNY-NH, was digested in the following 
buffers 50 mM sodium phosphate, pH 5.8-7.6, 50 mM _ Tris/ 
НСІ, pH 7.5-8.9, and 50 mM glycine/NaOH, pH 8.7-10.5. 


Transfections of COS-7 cells 


The pcDNA3, pcDNA3-rNRDI, pcDNA3-rNRD2 and 
pIRES2-EGFP (Clontech, Palo Alto, CA, U.S.A.) vectors were 
transfected into COS-7 cells using Superfect (Qiagen, Hilden, 
Germany). Briefly, 24 h before transfection, cells were grown on 
100-mm plates (109 cells), containing glass coverslips for IF 


Rat N-arginine dibasic convertase isoforms 589 





experiments, or on 35-mm plates for ultrastructural studies (105 
cells). The Superfect-DNA precipitate, prepared using either 10 
or 2 ug of DNA and 60 or 20 ul of Superfect depending on plate 
size, was incubated with COS-7 cells for 2.5 h at 37 °C. The cells 
were washed successively with D-PBS and fresh Dulbecco’s 
modified Eagle’s medium containing 10% fetal bovine serum 
and 25 ug/ml gentamicin was added. Later (24h), cells were 
either harvested for Western-blot analysis or subcellular frac- 
tionation, fixed for immunocytochemistry or treated with biotin. 


Subcellular fractlonation of transfected COS-7 cells and Infected 
BSC40 celis 


Transfected or infected cells were scraped in D-PBS, gently 
pelleted at 500 g, put on ice and washed twice with PBS. They 
were then resuspended in a buffer (5 mM Tris/HCl, pH 7.5/250 
mM sucrose/1 mM MgCl) containing various protease inhi- 
bitors (2.5 mM EDTA/2mM f-mercaptoethanol/100 ug/ml 
PMSF/100 4M pepstatin/2 ug/ml leupeptin and aprotinin) and 
broken by repeated passages through a 25-gauge needle. Nuclei 
and cellular debris were removed by centrifugation at 2000 g for 
10 min at 4 °C. The resulting supernatant (S1) was centrifugated 
at 100000 g for 30 min at 4 °C in a TLA 120-2 fixed-angle rotor 
(Beckman Instruments, Fullerton, CA, U.S.A.). The supernatant 
(S2), containing mainly cytoplasmic proteins, was collected. The 
pellet (P2), containing among others intact microsomes, was 
washed twice and resuspended in the above buffer after one 
freeze-thaw cycle. The proteins in the S2 and P2 fractions were 
analysed by Western blotting. 


Antibodies 


The calreticulin and PC5 polyclonal antisera used were directed 
against human recombinant calreticulin (both antigen and anti- 
body were provided kindly by Dr L. Rokeach, University. of 
Montreal) and the N-terminus of active mouse PCS [30], re- 
spectively. For immmunocytochemistry, the polyclonal NRD 
convertase antiserum [13] was purified as follows. Rat testis 


NRD convertase was electrophoresed on an 8% SDS/. 


polyacrylamide gel and transferred on to a nitrocellulose mem- 
brane After incubation with the anti-rNRD convertase immune 
serum, antibodies associated with the 140-kDa form were eluted 
from the membrane at 4°C in 0.1M glycine, pH 2.8, and 
neutralized with 2M Tris/HCl, pH 8. Anti-green fluorescent 
protein (GFP) monoclonal antibodies and rabbit anti- E. coli f- 
Gal antibodies were purchased from Molecular Probes (Eugene, 
OR, U.S.A.) and Eppendorf-5Prime (Boulder, CO, U.S.A.) 
respectively. 


IEM and IF 


Transfected COS-7 were fixed in periodate/lysine/paraformal- 
dehyde [31] for 2 h at room temperature, washed three times in 
PBS, preincubated for 30min іп 50mM NH,Cl, and per- 
meabilized in PBS containing 0.2 94 gelatin/0.005 95 saponin for 
I h. After a 3-h incubation with purified anti-NRD convertase 
antibodies, cells were rinsed three times with PBS and incubated 
for 90 min with a goat Fab ant-rabbit IgG conjugated with 
peroxidase (Biosys, Compiégne, France) for IEM or with goat 
anti-rabbit IgG conjugated with FITC (Jackson Immuno- 
Research Laboratories, West Grove, PA, U.S.A.) for IF. For 
IEM, cells were postfixed in-1°% glutaraldehyde and the per- 
oxidase activity was visualized using 3,3’-diaminobenzidine tetra- 
hydrochloride. They were then fixed in 1% osmium tetroxide, 
dehydrated and embedded in situ in epon [32]. Selected areas of 


immunoreactive cells were sectioned as described previously [33]. 
Ultrathin sections were examined at the electron microscope 
without further staining. For IF, cells were washed and exam- 
ined with an epifluorescence microscope (Leica Microscopy, 
Heerbrugg, Switzerland). 


Western-biot analyses 


Whole-cell extracts were prepared as follows. Cell pellets were 
resuspended ш 50 mM Tris/HCl, pH 7.4/150 mM NaC1/0 02% 
sodium azide supplemented with the above cocktail of protease 
inhibitors. Crude extracts were then submitted to three cycles of 
freeze-thaw, homogenized through a 25-gauge needle, centri- 
fuged at,12000g¢ for 30 min and the supernatants analysed 

Proteins from whole cell extracts, subcellular fractions or post- 
biotinylation immunoprecipitation were separated by 8 or 10% 
SDS/PAGE (SE250 apparatus; Hoefer, San Francisco, CA, 
U.S.A.) and transferred on to nitrocellulose membranes (Optitran 
BA-S 85; Schleicher and Schuell, Dassel, Germany) using a semi- 
dry TE270 unit (Hoefer). Anti- NRD convertase, anti-calreticulin, 
anti-PC5 and anti-£-Gal polyclonal sera were used at final 
dilutions of 1/2000, 1/5000, 1/500 and 1/1000, respectively. The 
antigen-antibody complexes were revealed using a donkey anti- 
rabbit IgG horseradish peroxidase conjugate (ECLPlus Western 
blotting detection, Amersham Pharmacia Biotech). Monoclonal 
anti-GFP was used at a 1/400 final dilution and revealed- using 
a sheep anti-mouse IgG horseradish peroxidase conjugate 
(Amersham Pharmacia Biotech). Prestained molecular-mass 
markers were purchased from New England Biolabs (Hitchin, 
Herts., UK ) or from Amersham Pharmacia Biotech. Protein 
concentration was estimated as described previously [34] 


Transertption-transtation analyses /n vitro 


The plasmids pBIS/'TNRD1A 1-44 and pSP6NEP were linearized 
with SspI and BstXI, respectively, and transcribed m vitro using 
an RNA transcription-translation kit (Promega, Madison, WI, 
U.S.A.) RNAs (5 ug) were translated in vitro in the presence or 
absence of rough microsomes and [**S]methionine. Where indi- 
cated, trypsin and Triton X-100 were added to 5 ug/ml and 1% 
final concentrations respectively The translation products were 
analysed on SDS/PAGE (15% gel) followed by fluorography 
(Amplify, Amersham Pharmacia Biotech). 


Biotinylation of cell-surface proteins 


Transfected COS-7 and infected BSC40 cells were washed three 
times with ice-cold PBS with 1 mM MgCl, and incubated for 1 h 
at 4°C with 0.5 mg/ml sulpho-NHS-LC-LC-Biotin (Pierce, 
Rockford, IL, U.S.A.). Then, cells were washed three times with 
ice-cold PBS containing 1 mM MgCl, lysed in a buffer (20 mM 
Tris/HCl, pH 8.0/150 mM NaCl/1 95 sodium deoxycholate/1 % 
Triton X-100) containing protease inhibitors (protease-inhibitor- 
cocktail tablets, Amersham Pharmacia Biotech) and centrifuged 
at 12000 g for 15 min at 4 ?C. The supernatants were immuno- 
precipitated with antibodies directed against NRD convertase 
(1/250), 8-Gal (1/200) or GFP (2 ug). Immunoprecipitated 
proteins corresponding to 2 х 10% transfected COS-7 or 10° 
infected BSC40 cells were resolved by SDS/PAGE (10% gel) 
and transferred on to nitrocellulose membranes as described 
above. Biotinylated proteins were revealed with a streptavidin- 
horseradish peroxidase conjugate (Amersham Pharmacia 
Biotech). 
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RESULTS 


Comparison of the blochemical properties of the two recombinant 
rNRD isoforms 


Expression of enzymically active rNRD1 and rNRD2 convertases 


To study the possible influence of the 68-aa insertion [21] on the 
catalytic properties of NRD2 convertase, we first expressed 
the two rat isoforms either by VV infection of BSC40 cells or by 
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Figure 1 “Overexpression of rNRD1 and rNRD2 convertases in Infected 
BSC46 colis and transfected COS-7 celis 


Western-biot analysis of crude protein extracts from (A) BSC40 cells Infected with the wild-type 
VV (V, 9 ug), the recombinant VY rNRD1 (3 4g) and VV. rNRD2 (9 0), (В) and COS-7 calis 
transfected with pcDNA3 vector (V, 15 ug), pcDNAS4NRD1 (5 ug) and pcDNA3-rNRD2 
(15 ug) were separated by SDS/PAGE on an 8% polyacrylamide gel Puntied rat testis NAD 
convertase (rNRD, 067 дд) and crude testis extract (T, 10 ug) were also analysed 


100 


& © 
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Table 1 
enzyme 


Results are expressed as percentage Inhibition, taking the contro! incubation as 0% Inhibition 
Quantities of enzyme introduced in the assay were adjusted for each enzyme preparation to 
obtain a 50% cleavage of the substrate in 15 min at 37 °C in the absence of inhibitor 
Conditions were as follows (A) 50 mM Tris/HCl, pH 8 9, and 5 ир of PRERKAGAKNY-NH,, 
(B) 250 mM Tns/HCl, pH 7 5, and 35 ду of dynorphin A The enzyme was preincubated with 
the inhibitor for 15 min at 37 °C and the reaction Initlated by addition of the substrate After 
15 min of incubation, the reaction was stopped by addition of 10 zl of glacial acetic acid The 
final volume of the assay was 100 ді. 


Inhibition profiles of rNRD convertase isoforms and rat testicular 


(A) 

inhibition (%) 

Testicular rNRD rNRD1 — rNRD2 
EDTA (100 uM) 324-5 56-2 46-4 
1,10-Phenanthrofins (500 uM) 5944 100 100 
A-Ethytmaleimide (1 mM) 1B+4 1154 0 
Amastatin (200 ДМ) 2543 861 100 
Bestatin (500 uM) 0 0 0 
(B) 

Inhibibon (%) 

Purified NRD rNROT — rNRD2 
EDTA (100 uM) 100 100 100 
1,10-Phenanthrolins (500 uM) 100 100 100 
AEthylmaleirmide (1 mM) 100 100 180 
Amastatn (200 uM) 3342 0 0 
Bestatin (500 uM) 0 0 0 





transient transfection of COS-7 cells. The expression of the 
recombinant proteins was monitored by Western-blot analyses 
of crude cell extracts (Figure 1). In both expression systems, the 
recombinant rNRDI convertase migrated with an apparent 
molecular mass of 140 kDa, similar to that of rNRD convertase 





Figure 2 рН dependence of PRERKAGAKNY-NH, cleavage by recombinant rNRD convertase isoforms or the rat testis purified enzyme 


The percentage of peptide cleavage was determined at various pH values (5 8—10 5) using the following buffers: 50 mM sodrum phosphate (A), 50 mM Tns/HCI ([7]) and 50 mM glycine/Na0H 


(MI) The extent of cleavage at the pH optimum (8 9) was taken as 100% 
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Figure 3  N-termini of rNRD convertase species 


Western-blot analyses of pest-DEAE concentrated pools from rat testis (T, 5 ug) and from 
BSC40 celis infected by VV rNRD1 (1 ug) or VV rNRD2 (2 ug) are shown N-terminal 
sequencing of 140-kDa (rNRD and rNRD1) or 110-kDa (FNRD and rNRO2) species identified 
Val" and Gly*!, and Asp'® and Gly?>, as N-termini, respectively These are positioned on a 
schematic representation of the NRD convertase sequence below The white box represents the 
T1-aa acidic stretch while the elevated hatched one represents the specific rNRD2 convertase 
68-aa msertion 


purified from rat testis. rNRD2 convertase showed a slightly 
slower migration (z: 145 kDa) in accordance with its additional 
68 aa. Although rNRD2 convertase transcripts represent 10% of 
the total NRD convertase mRNA in testis [21], we could not 
detect rNRD2 convertase in testicular extracts (Figure 1, rNRD 
and T). Since to date rNRD2 convertase-specific antibodies are 
not available, it is difficult to conclude whether this isoform 1s 
absent or scarcely present in this tissue. The 110-kDa immuno- 
reactive protein detected 1n the rat testis crude extract and the 
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purified enzyme preparation was identified as a degradation 
product of NRD convertase (see below). Also, neither rNRD1 
nor rNRD2 convertases could be detected in culture media of 
either cell line (results not shown), suggesting that they are not 
secreted by these cells. 

After partial purification on a DEAE-Trisacryl M ion- 
exchange column, both recombinant proteinases were shown to 
cleave the model peptide PRERK AGAKNY-NH,. This synthetic 
peptide mimicking the dibasic processing site of pro-somatostatin 
had been previously used routinely to monitor the purification of 
NRD convertase [11,13]. As with the endoprotease isolated from 
rat testis, isoforms 1 and 2 produced the same proteolytic 
fragment (RKAGAKNY-NH,). Finally, comparable percent- 
ages of cleavage were obtained when the same quantity of each 
enzyme was used (as estimated by silver staining of SDS/ 
acrylamide gels). Control extracts from BSC40 cells not infected 
or infected by the wild-type VV, as well as those from COS-7 cells 
transfected with pcDNA3, were totally devoid of activity towards 
the model peptide. To further analyse the biochemical properties 
of each isoform, the VV overexpression system was chosen 
because of its higher expression rate. 


pH optima and Inhibition proflles 


Using the same model substrate as above, an optimal pH of 8.9 
was determined previously for the purified rat testis enzyme [13]. 
Since at this pH the optimal concentration in Tris was found to 
be 50 mM (results not shown), three 50 mM buffers covering a 
pH range from 5.8 to 10.5 were used. As seen in Figure 2, the 
same major optimal pH of 8.9 was obtained for the three enzyme 
preparations (done in triplicate). In addition, the three curves 
were superimposable. A similar shoulder was observed for each 
enzyme preparation around neutral pH However, rNRD2 





Figure 4 IF localization of rNRD convertase isoforms 


Transfected COS-7 ceils with either pcDNA3-rNRD1 (А) or pcDNA3-rNRD2 (B) or untransfected celis (C) were immunolabelled with rNRD convertase-puntfied antibodies (A, B) or anti-calreticuhin 
(C) Negative controls consisted of either COS-7 cells transfected with pcDNA3 and revealed with ant-rNRD convartase (E) or COS-7 cells expressing rNRD1 convertase and labelled with rNRD 


convertase preimmune serum (D) Scale bar, 10 дт 
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Figure 5 ТЕМ 


NRD convertases immunoreactivity in COS-7 cells transfected with pcONAG-rNRD1 (А) or 
pcONA3-rNRD? (B) was visualized indirectly by peroxidase activity In (B), note the-presence 
of transfected (upper) and untransfected (lower) cells present on the same sechon Scale bar, 
T um 


convertase seemed to conserve a higher activity at acidic pH. 
To detect any differences between the enzymuc properties of 
the two isoforms, various reagents reported to inhibit NRD 
convertase activity [13] were tested in two types of assay (Table 
1A and 1B). The first one (Table 1A) was performed in 50 mM 
Tris/HCl, pH 8.9, with the model substrate PRERKAGAKNY- 
NH,, whereas the second (Table 1B) was carried out in 250 mM 
Tris/HCl, pH 7.5, with dynorphin A as a substrate, as described 
previously [13] In both assays, the two 1soforms showed very 
similar inhibitor sensitivities. However, except for 1,10-phen- 
anthroline, the amounts of inhibitors needed to achieve 100% 
inhibition in assay B were 10 times higher than reported 
previously [13]. This discrepancy may be explained by.the lower 
degree of purity of the enzyme preparation used here. The same 
explanation stands for the higher inhibitions observed for rNRD1 
or rNRD2 convertases than for the rat testis enzyme (except in 
the case of N-ethylmaleimide). Indeed, the latter exhibits a lower 
specific activity. Curiously, whereas testis rNRD convertase 
showed comparable inhibitions by amastatin in both assays, the 
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two 1soforms were either not inhibited (assay B) or completely 
inhibited (assay A). Note that 500 „M bestatin, representing а 
10-fold higher concentration than previously used, failed to 
inhibit any of the three enzymes. 


N-terminal heterogeneity of the different NRD convertase immunoreactive 
specles 


Western-blot analysis of the partially purified enzyme prepar- 
ations revealed a noticeable difference in the stability of the 
respective isoforms (Figure 3) While rNRDI convertase re- 
mained relatively stable as a 140-kDa protein for several days at 
4°C, rNRD2 convertase was transformed rapidly into a 110- 
kDa protein. The disappearance of the 145-kDa rNRD2 form 
seemed to be concomitant with the loss of enzyme activity. 
Whereas the partially purified rNRD1 convertase samples 
showed comparable specific activities 2 or 10 days post-homo- 
genization, rNRD2 convertase activity, which was easily measur- 
able at day 2, could no longer be monitored at day 10. In 
addition to the major 140-kDa and minor 110-kDa forms, 
another minor 120-kDa immunoreactive protein is also observed 
in Figure 3 (lane NRDI) Only in BSC40 cell extracts did we 
observe similar levels of the 110- and 120-kDa forms. In testicular 
extracts, we rarely see the 120-kDa form. The nature of this 
intermediate is yet to be determined. The possible presence in the 
rNRD2 convertase preparation of a contaminant responsible for 
its degradation, and its absence in the rNRD1 convertase 
preparation, was ruled out by muxing the partially purified 
enzymes in various ratios. Indeed, the 140-kDa rNRDI 
convertase remained stable in the presence of various quan- 
tities of rNRD2 convertase preparation. We thus hypothesize 
that rNRD2 convertase offers a specific fragile site. Concerning 
the rat testis enzyme, the formation of an inactive 110-kDa 
degradation product mainly occurred during the last hydroxy- 
apatite purification process [13]. 

~ N-terminal sequencing of the 140-kDa species revealed that 
rat testis NRD convertase and recombinant rNRD1 convertase 


‘start at Val"? and Gly?!, respectively (Figure3; sequence accession 


по. L27124) Due to the instability of the 145-kDa rNRD2 
convertase, its N-terminus could not be elucidated. Sequence 
analysis of the 110-kDa forms of rNRD2 and testicular rNRD 
convertases showed that they start at Gly?'5 (1.e. within the 68-aa 
insertion; accession no. X93208) and at Азр!## (ie within 
the last third of the acidic stretch), respectively (Figure 3). The 
identification of a rNRD2-specific residue (Су???) as the N- 
terminus of the 110-kDa rNRD2 species reinforces the above 
hypothesis ofa fragile site specific to INRD2 convertase Whether 
the corresponding cleavage, which occurs during the purification 
process, may have relevance in vivo or not remains to be 
determined. 


Subcellular localization of recombinant rNRD1 and rNRD2 
convertases 


IF microscopy 


To determine the intracellular localization.of the rNRD con- 
vertase isoforms, an IF microscopy study was conducted in 
transiently transfected COS-7 cells. Similar staining patterns, . 
consisting of a dense: non-uniform perinuclear staining that 
extends up to the cell periphery, were observed in rNRDI or 
rNRD2 convertase-expressing cells (Figures 4A and 4B). To 
check if this pattern indicates an endoplasmic.reticulum (ER)- 
like localization, cells were also stained with-an-antisérum directed 
against calreticulin (Figure 4C), a soluble protein localized mainly 
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Figure 6 Distribution of overexpressed rNRD1 and rNRD2 convertases isoforms in subcellular fractions 


Membrane (P2) and soluble (S2) fractions (15 ди) from BSC40 cells infected with the wild-type VV (V), VV rNRDT, VV rNRD2, VV РО5* (sea text) or 20 ир of fractions P2 and S2 of transfected 
COS-7 celis with pcDNÀ vector (V), ncDNA3-rNRD1 and pcDNA3-rNRD2 were analysed by Western blotting using antt-rNRD convertase or anti-PC5 polyclonal sera 85640 cell extracts were also 
probed with anti-calreticulin (antiCaR) antibodies. Lanes C consist of a mixture of 0 67 др of purified testicular rNRD convertase and 0 1 дй of human recombinant calreticulin Black arrowheads 
Show NRD convertase species in either BSC40 or COS-7 subcellular fractions (left-hand upper and lower panels), whereas white arrowheads indicate either to PC5-specrhic species (upper nght 


pansi) or calreticulin-specific species (middie left and lower nght panels) 


in ER [35]. Although rNRD convertase also presents a punctuate 
labelling, its staining is more diffused when compared with that 
of calreticulin. The two negative controls consisting of either 
rNRDI convertase-transfected cells incubated with preummune 
serum (Figure 4D) or COS-7 cells transfected with pcDNA3 
(Figure 4E) did not show any labelling. 


IEM 


At the ultrastructural level (Figure 5), cells expressing either 
rNRD convertase isoform were characterized by the same dense 
labelling throughout the cytoplasm, whereas non-transfected 
cells were totally devoid of staining (Figure 5B). These data 
support the primary location of the enzyme as being within the 
cytoplasm. 


Subcellular fractionation 


Infected BSC40 cells and transfected COS-7 cells. were homo- 
genized in an isotonic buffer (0.25 M sucrose), and the resulting 
extract submitted to consecutive low- and high-speed centri- 
fugations. Aliquots of the resulting high-speed pellets (P2) and 
supernatants (52) were analysed by Western blotting (Figure б). 
The fraction P2 was expected to contain primarily intact 
organelles and membrane-associated proteins. In both cell types, 
rNRDI. and rNRD2 convertases were found predominantly in 
the soluble S2 fractions. The ratio of either isoform in the soluble 
fraction to that in the membrane (S2/P2) was about 2 in-BSC40 
cells and 4 in‘COS-7 éells.-As a control, the 54-kDa calreticulin 


was detected mainly in the P2 fractions of BSC40 cells. The 
calreticulin immunoreactive 58-kDa species, only observed in P2 
fractions, were not identified. In order to eliminate the possibility 
that overexpression causes missorting of proteins, BSC40 cells 
were also infected by VV:mPC5*, encoding a catalytically 
inactive mutant of the proprotein convertase РС5 [29], which is 
retained as a zymogen in the lumen of the ER since it 1s unable 
to autocatalytically cleave its pro-segment (N. G. Seidah, un- 
published work). As expected, mPC5* immunoreactivity was 
detected exclusively in the P2 fraction (Figure 6). Thus when 
compared with the absence of mPC5* or the limited amount of 
calreticulin in S2 fractions, the above data suggest that rNRDI 
and rNRD2 convertases were present predominantly in soluble 
fractions, even though a significant portion was also present in 
membrane fractions. 


Translation /7 vitro of tNRD1 convertase mRNA 


The presence of NRD convertase prompted us to check the 
ability of its putative signal peptide to direct it to the ER lumen. 
Transcription m vitro of the 5' region of rNRD1 (up to nt 1174 
[18]) or NEP (up to nt 1004 [29]) cDNAs was performed and the 
resulting RNAs were used in an m vitro translation assay. In 
the absence of canine microsomes, the protein products showed 
apparent molecular masses of 42 and 36 kDa, respectively, 1n 
agreement with the sizes expected from each construct (Figure 7, 
lane 1). In the presence of canine microsomes, an increase in the 
size of the NEP product was observed (Figure 7, lane 4). This is 
in accordance with the presence of an N-terminal hydrophobic 
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Figure 7 Translation and translocation assay /n viiro of an N-terminal 
rNRD1 convertase polypeptide 


In vitro-syntheszed RNAs encoding N-terminal regions of rNRD1 convertase or NEP were 
translated ул vitro using а rabbit rebculocyte lysate system in the absence (lanes 1-3) or 
presence (lanes 4—6) of dog pancreas microsomes Aliquots of the translated products were 
assayed for sensitivity to trypsin digeshon (lanes 2, 3, 5 and 6) in the absence (lanes 2 and 
5) or presence (lanes З and 6) of Triton Х-100. 


signal peptide/membrane-anchor motif allowing an ER luminal 
location and N-glycosylation of NEP translation products. 
Under the same conditions, no apparent molecular-mass change 
was observed for the rNRDI convertase products, 1n spite of the 
presence of two putative N-glycosylation sites (compare lanes 1 


Streptavidin 


and 4 in Figure 7). In addition, whereas NEP translation products 
were sensitive to trypsin digestion only in the presence of Triton 
X-100, which lyses microsomes, rNRD1 convertase translation 
products were digested with trypsin even in the absence of Triton 
X-100 (Figure 7, lanes 2, 3, 5 and 6). With the caveat that this 
assay was conducted with a truncated form of rNRD1 convertase 
to facilitate the detection of potential changes in molecular mass, 
these results suggested that the N-terminus of NRD convertase 
did not function as a signal peptide and reinforce the proposal of 
a primary cytoplasmic location for the enzyme. 


Blotinylatlon of the cell-surface proteins 


The inability in vitro of NRD convertase to enter into microsomes 
was surprising, since it was reported to be secreted by spermatids 
[23] and EL-4 cells [24]. However, as mentioned above, it could 
not be detected in culture media of COS-7 or BSC40 cells, even 
when rNRDI or rNRD2 convertases were overexpressed. Since 
the subcellular P2 fraction may also contain plasma membranes, 
the possible presence of the enzyme at the cell surface was 
assessed. Intact COS-7 or BSC40 cells overexpressing either 
rNRD1 or rNRD2 convertases, or control proteins, were bio- 
tinylated and then lysed. Immunoprecipitated proteins were 
analysed subsequently by Western blotting and revealed by 
either streptavidin (Figure 8, upper panel) or specific antibodies 
(Figure 8, lower panel). In either expression system, biotinylated 
tINRD1 and rNRD2 convertases were detected. On the other 
hand, the two control cytoplasmic proteins overexpressed by 
either infection of BSC40 cells (-Gal, ~ 110 kDa) or transfection 
of COS-7 cells (enhanced GFP, œ 28 kDa) did not show апу 
streptavidin labelling, but were immunoprecipitated effectively 
(Figure 8, lower panel). Thus these results indicate clearly that 
both NRD convertase isoforms are present at the cell surface and 
that this localization cannot be attributed to their overexpression. 
No labelling of the cell surface in the immunohistochemical 
study (Figures 4 and 5) could be observed but this may be due to 
the fixation conditions and/or to a low cell-surface/cytoplasm 
ratio of the enzyme. However, it is worth noting that the pH 





Antibodies 


BSC40 


Figure 8 Biollnylailon of cell-surface proteins 





BSC40 and COS-7 cells overexpressing either гМАО1 or rNRD2 convertases, -Gal or enhanced GFP (EGFP) were biobnylated Immunoprecipitated proteins (see the Experimental section) were 
revealed by ether streptavidin or specific antibodies WT and V indicate that the cell extracts were obtained by wild-type VV Infection or pcDNA3 transfection, respectrvely Arrows indicate the 


expected positions of the different proteins analysed 


© 2000 Biochemical Society 


4 


Rat N-arginine dibasic convertase isoforms 596 





optimum of the enzyme is in favour of its activity being in the 
extracellular compartment. 


DISCUSSION 


Since the discovery of NRD convertase 10 years ago, its cellular 
localization has been unambiguously defined only in the testis, its 
major expression site, where it 1s associated with two micro- 
tubular structures of late spermatids [23]. Until now, the physio- 
logical function of NRD convertase has remained unresolved. In 
addition, it was recently shown that human and rat NRD 
convertases exist as two isoforms, NRD1 and NRD2 convertases 
[21]. They differ by the presence in NRD2 convertase of a 68-aa 
insertion close to the active site, which possibly confers a specific 
function to this isoform. In this report, we aimed at comparing 
the biochemical and enzymic properties as well as the subcellular 
distribution of overexpressed rNRDI and rNRD2 convertases. 

Purification of each recombinant enzyme following VV infec- 
tions of BSC40 cells allowed the comparison of their properties 
in vitro. The data did not reveal any significant differences in 
their optimal pH towards a somatostatin-related undecapeptide 
substrate (Figure 2). Furthermore, their enzymic activities 
towards dynorphin A or the above peptide exhibited comparable 
sensitivities to inhibitors (Table 1). Parallel analyses showed that 
both recombinant enzymes behaved mostly like native NRD 
convertase purified from rat testis. Accordingly, this study did 
not allow us to establish significant variation between the enzymic 
properties of the two isoforms. The major difference observed 
resided in the instability of rNRD2 convertase, which was 
converted readily into a 110-kDa species (Figure 3). The cor- 
responding cleavage occurs upstream of Gly?”®, which lies within 
the 68-aa insertion. The physiological relevance im vivo of this 
observation is uncertain since the 110-kDa species could not be 
detected in fresh cellular extracts. 

N-terminal sequencing of the purified testis enzyme and 
recombinant rNRDI1 convertase revealed that the first ~ 80 
residues predicted from the cDNA sequence were missing. Indeed, 
the unique N-terminus identified for the testis NRD convertase 
suggested a cleavage at GlyArg | Val", whereas that of the 
recombinant rNRD1 convertase isolated from BSC40 cells 
revealed processing at ArgLeu | Gly? (Figure 3). Alignment of 
the sequences surrounding these N-termini did not reveal any 
striking similarity and the candidate enzyme(s) involved remains 
to be identified. Such N-terminal variability may reflect a 
protease-sensitive region processed in a cell-specific manner in 
vivo or during the purification procedure. Future studies will 
address the question of the role of the N-terminal sequence and 
its effect on the activity of NRD convertase. 

Whereas NRD convertase has been localized in the cytoplasm 
of spermatids [23], several elements prompted us to check for the 
possible localization of the enzyme, or one of its isoforms, in 
the secretory pathway: (i) detection of the enzyme in conditioned 
[23] or culture media [24]; and (ii) a cleavage selectivity remi- 
niscent of that of the secretory proprotein convertases [36]. 

The present study shows that both NRD convertase isoforms 
localize primarily within the cytoplasm of BSC40 and COS-7 
cells, although a significant fraction of these proteins is present 
at the cell surface. This was based on a compendium of results 
obtained by immunocytochemical analyses at both the light 
(Figure 4) and electron (Figure 5) microscopy levels, subcellular 
fractionations (Figure 6), translation im vitro (Figure 7) and 
biotinylation of cell-surface proteins (Figure 8). Altogether, these 
data are consistent with those obtained in the testis, which show 
that NRD convertase is present in the cytoplasm of spermatids 
and exported out of these cells [23]. 


It ıs thus revealing that an enzyme, which was isolated 
originally based on its ability to specifically cleave model peptides 
at the N-terminus of arginines in dibasic sequences [12,13], turns 
out to be primarily a cytosolic proteinase. Processed dibasic and 
monobasic sequences are normally found in secretory proteins 
including pro-hormones and proproteins [36,37]. A survey of the 
literature revealed that although several cytosolic proteinases 
have been studied extensively, such as those involved in the 
calcium-dependent (calpains) and ubiquitin /proteasome-depen- 
dent pathways [38,39] and the pro-apoptotic caspases [40], none 
of them presented a selectivity for pairs of basic residues 
Moreover, to our knowledge, no cytosolic precursors were 
reported to be processed specifically at dibasic sites, although, 
for most of them, the processing mechanism(s) as well as the 
precise cleavage sites remain to be elucidated. This is the case, for 
example, of the polyglutamine-containing proteins involved in 
neurodegenerative disorders such as huntingtin in Huntington’s 
disease [41], and atrophin-1 in dentatorubropallidoluysian atro- 
phy (DRPLA [42]). It remains to be seen if NRD convertase 18 
involved ш the metabolism of these and whether 1t may represent 
a new target for therapeutic intervention 1n some degenerative 
pathologies. 

The presence of NRD convertase at the cell surface opens new 
perspectives concerning its biological function. NRD conver- 
tase's nearest neighbour, insulin-degrading enzyme, is the only 
M16 family member that has been reported to be possibly 
present at the cell surface, where 1t would degrade insulin [43]. 
Several members of other families of metallopeptidases have 
been involved 1n either post-secretory peptide inactivation, such 
as neprilysin [44] or meprin [45], or activation such as the more 
selective endothelin-converting enzyme [46] An example of a 
dibasic processing event occurring at the cell surface is the 
cleavage at Arg-Arg!* of glucagon-generating miniglucagon(19- 
29) [47]. However, if NRD convertase was implicated in such a 
cleavage, the presence of a surface aminopeptidase B-like activity 
[48] would be required to trim out the N-terminal arginine(s). 

No transmembrane domain or canonical site for membrane 
anchorage was predicted from the primary structure, except the 
presence of an N-myristoylation site starting at Gly*! [49]. Since 
Gly*! constitutes the N-termmus of rNRD1 convertase over- 
expressed in BSC40 cells, this isoform, and possibly rNRD2 
convertase, may thus be myristoylated in this cell type. It was 
reported recently that this type of acylation localized signailing- 
model proteins to specific intracellular membranes [50]. We may 
thus consider that, independently of its presence at the cell 
surface, NRD convertase may be myristoylated in the cytoplasm 
and then attached to intracellular membranes. This would be in 
agreement with the non-uniform perinuclear staining (Figure 4) 
and the rather high levels of NRD convertase (Figure 6) 1n 
BSC40 membrane fractions (about 30%). Note, however, that 
the testis enzyme shows a different N-terminus (Уа?) incom- 
patible with its myristoylation, suggesting that myristoylation of 
NRD convertase, if it occurs, may be cell-type dependent. 

The export/secretion mechanism of NRD convertase is still 
obscure, and further studies are needed in order to elucidate this 
process. In that context, several proteins lacking conventional 
signal peptides and unambiguously localized outside the cell 
were described, without a clear-cut mechanistic explanation, e.g. 
interleukin-ia@ or # [51], basic fibroblast growth factor [52] or 
metalloendopeptidase EC 3.4.24.15 [53] 

In conclusion, the present studies revealed for the first time 
that a dibasic-specific protease can be found both in the cytosol 
and at the cell surface. The identification of the cognate substrates 
of NRD convertase will surely open new avenues in our 
understanding of the limited proteolysis of precursors within 
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these cellular compartments. In addition, it 1s also conceivable 
that NRD convertase may have another function, independent 
from its enzymic activity, as reported for the M16 family member 
Axl [9]. 
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polymerase from inactive inclusion bodies using ion-exchange resin 


Qun REN’, Guy DE ROO, Birgit KESSLER and Bernard WITHOLT* 


Institute of Biotechnology, ETH Honggerberg, CH-8093 Zurich, Switzerland 





A novel process for the purification of active medium-chain- 
length-polyhydroxyalkanoate (mci-PHA) polymerase was de- 
veloped. This process is based on solubilization and activation of 
inactive polymerase inclusion bodies by incubation with 100- 
exchange resin. The mcl-PHA polymerase 1 from Pseudomonas 
oleovorans was overproduced from the Palk promoter. Most of 
the polymerase produced was sequestered in the cytoplasm as an 
inactive form in insoluble aggregates. By incubating the protein 
aggregates with S-Sepharose ion-exchange resin in the presence 
of dithiothreitol and glycerol, the mcl-PHA polymerase could be 


extracted in an active and soluble form with a final yield of about 
5.2 mg/g of cell dry weight. The solubilized polymerase was able 
to catalyse the im vitro synthesis of mci-PHA without any 
additional cell components, suggesting its potential application 
for production of biopolymer. The procedure used here may be 
of general value in solubilizing and activating purified inactive 


labile enzymes. 


Key words: in vitro synthesis of polymer, protein inclusion 
bodies, Pseudomonas, recovery of enzyme activity. 





INTRODUCTION 


Poly-3-hydroxyalkanoates (PHAs), which are produced as in- 
tracellular storage material by many bacterial species, have 
attracted considerable attention on account of their potential 
applications as biodegradable plastics and as sources of valuable 
chiral synthons (for reviews, see [1,2]). The best known variants, 
for which the genetics and enzymology have been studied in 
detail, and which have been produced industrially, are the 
homopolymer poly-3-hydroxybutyric acid (PHB) and the co- 
polymer PHB/V, which contains 3-hydroxyvaleric acid ın ad- 
dition to 3-hydroxybutyric acid (see review [2]). Since both of 
these monomers are short-chain hydroxyalkanoic acids, PHB 
and PHB/V are referred to as short-chain-length (scl) PHAs 
(note that ‘short chain length’ is a characteristic of the monomer; 
the polymer may well be a very long molecule, as is generally the 
case for PHB). Most other PHAs are referred to as medium- 
chain-length (mcl) PHAs, because the monomers are generally 
consisting of six or more carbon atoms [3]. 

There are several enzymes involved in the synthesis of PHAs. 
Among these enzymes, the PHA polymerases (these are also 
called PHA synthases) are the key enzymes, which incorporate 3- 
hydroxyacyl moieties into nascent PHA chains, using CoA- 
activated precursors (see review [2]). Since the polymerase 
encoding gene was first identified in Ralstonia eutropha [4], many 
PHA polymerases or the corresponding genes have been studied 
thus far (see review [2]). There has been some work on the 
enzymology of PHA polymerases. However, to date, only PHB 
polymerase has been purified and studied in vitro in detail [5,6]. 
Several groups have attempted to isolate mcl-PHA polymerases, 
but so far no success has been reported. Although mcl-PHA 
polymerases have proved difficult to isolate, it would be useful to 
have such enzymes available, both to study structural and 
functional characteristics, and also to use polymerases in the 


synthesis of specific homo- and hetero-polymers in vitro. Thus 
there is a clear incentive to prepare active purified mcl-PHA 
polymerases. 

Since very little PHA polymerase appears as free soluble 
protein in the wild-type Pseudomonas strains [7], we chose to 
overproduce this protein. In the present paper we describe the 
recovery of PHA polymerase activity from inclusion bodies 
which have been formed upon overexpression of the corre- 
sponding gene. The purified active polymerase allowed us to 
synthesize homopolymeric mcl-PHAs in vitro. 


EXPERIMENTAL 
Bactertal strains and plasmids 


Pseudomonas putida GPp104 (PHAD) [8] was used in the present 
study. pAUKVSVG1 [pGEM-5Zf(+), Palk, VSV G tag, Ар" [9] 
and pVLT35 (Ptac/lacP, Mob*, RSF1010 ori, Sm'/Sp^) [10] 
were used to construct pET701 and pET702. pAIKVSVGI 
contains the Palk promoter, which originates from the P. 
oleovorans alkane-degradation system and is known to allow 
efficient gene expression in Pseudomonas strains [9], and a 
sequence coding for 12 C-terminal amino acids of the vesicular- 
stomatitis-virus glycoprotein (VSV G), to which monoclonal 
antibodies are available. Plasmid pGEc74 (pLAFRI1, alkST, Tc’) 
contains the regulatory gene for expression of the Palk promoter 
[11]. 


Recombinant DNA techniques 


Isolation and analysis of plasmid DNA were carried out as 
described by Sambrook et al. [12]. Two oligonucleotide primers 
with the following sequences: AGCGTCGTACATGTCTAAC- 


Abbreviations: OTT, dithiothreitol, DCPK, dicyclopropyl ketone, VSV G, vesicular-stomatitis-virus glycoprotein, PHB, poly-3-hydroxybutyric acid, 
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AAGAAC and ACGCTCGTGAACGTAGGTGCC were 
designed and synthesized (Microsynth G.m.b.H., Balgach, 
Switzerland) to perform site-directed mutagenesis (exchanged 
nucleotides are underlined) and to amplify the phaC 1-containing 
fragment. 

РЕТ 701 was constructed as follows. For integration of ap- 
propriate restriction sites, a site-directed mutagenesis was per- 
formed which resulted in a change of three base-pairs in phaCl, 
but the amino acid sequence of the PHA polymerase was not 
changed. Instead of introducing a Ncol site at the start codon of 
phaCl, an АЛШ site (which produces cohesive ends compatible 
with the Ncol site) was generated because this led to fewer base- 
pair changes and because the phaC/ gene does not contain an 
internal AMI site, while 1t does contain several Ncol.sites. The 
1.7 КЬ PCR fragment was digested with АЛШ, isolated and 
ligated into NcoI/ EcoRV-digested pAIkVSVGI, resulting зп the 
5 kb plasmid pET701. 

pÁIKVSVGI is derived from the ColEl-derived pGEM- 
570 +) (Promega) and cannot replicate in Pseudomonas. рЕТ 702 
was constructed from pVLT35, which contains a RSF1010 
replicon and replicates both in Escherichia coli and in Pseudo- 
monas. In order to remove the tac promoter, pVLT35 was 
digested with Ара] and PstI, producing an 8.3 kb fragment. 
Since there are several PstI sites inside phaC/, pET701 was 
digested with Ара] and Nsil, generating cohesive ends compatible 
with PstI. The 2-kb Palk-phaCl-tag containing fragment was 
then ligated to the Apal/ PstI sites of pVLT35, resulting in the 
10.3 kb plasmid pET702 


Media, growth conditions and cell disruption 


Luria-Bertani (LB) medium was used as rich medium [12]. For 
testing the expression system for PHA polymerase production, 
Pseudomonas recombinants were grown on E2 minimal medium 
[13]. As carbon source, 15 mM sodium octanoate was added. All 
recombinants were precultured in LB medium at 30?C with 
appropriate antibiotics (tetracycline, 12.5 ng/ml; streptomycin, 
100 ug/ml), then transferred into minimal medium in a 1:100 
dilution. 

To induce the Palk promoter, pGEc74 was always co-trans- 
formed with Palk expression plasmids, and dicyclopropyl ketone 
(DCPK) was added to 0.0395 (v/v) in the early exponential 
phase. Cell growth was monitored by measuring D,,, [14]. 

Pseudomonas cells were harvested and washed once with 
Tris/HCl (50 mM, pH 8). The pellets were resuspended in the 
same buffer to a D,,, of 40—50. Cells were disrupted by three 
passages through a French pressure cell at 75.8 MPa (11000 Ibf/ 
in?) and 4 °C. 


Proteln analysis 


Proteins were separated by gel electrophoresis as decribed by 
Laemmh [15]. The amount of PHA polymerase relative to total 
protein was determined by densitometric scanning (Molecular 
Dynamics). Total protein. was assayed with a Lowry-based 
method (B10-Rad detergent compatible assay) in the presence of 
SDS with BSA as the standard. Immunoblotting of polymerase 
was carried out as previously described [9]. 


N-terminal sequencing 


Approx..10 ug of protein was applied on a protein gel, followed 
by transfer on toa PVDF membrane (Immobilon-PSQ ; Millipore 
Corp., Bedford, MA, U.S.A.) [12]. N-terminal sequencing of the 
appropriate band was carried out by the service laboratory in 
Molekularbiologie, ETH Honggerberg, Switzerland. 
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Determination of PHA 


To determine the polyester content and composition, samples 
were treated with chloroform and H,SO,/methanol (85: 15, v/v) 
[16] and analyzed using a CP-Sil 5 CB column (Chrompack) on 
a gas chromatograph (Fisons) [16]. Gas-chromatography-MS 
(GC-MS) analyses were performed on a Fisons MD800 mass 
spectrometer, using electron impact at 70 eV [17]. 


Synthesis and purification of polymerase substrate 3- 
hydroxyoctanoyi-CoA 


CoA was coupled to 3-hydroxyoctanoic acid (Sigma) by using 
acyl-CoA synthetase (Sigma) as described previously [18]. The 
product, 3-hydroxyoctanoyl-CoA, was purified over an ODS-2 
reverse phase column by HPLC [18], dned using a SpeedVac 
apparatus, and then dissolved in 50 mM Tris/HCl, pH 8. 


Isolation of PHA polymerase Inclusion bodles 


Inclusion bodies were isolated as described previously [19] with 
the following modifications’ to separate PHA granules which 
contain active PHA polymerase from the polymerase inclusion 
bodies, the cell lysates were layered on to a 20% (w/v) sucrose 
solution and ultracentrifuged at 110000 р for 2.5 h [20]. After 
this centrifugation, PHA granules remained on the top of the 
sucrose solution and the polymerase inclusion bodies were 
precipitated into the pellet fraction. The pellet fraction was then 
resuspended in washing buffer (0.5% Triton X-100/1mM 
EDTA) and centnfuged at 10000 g for 10 min to separate 
membrane proteins from inclusion bodies [19]. The pelleted 
inclusion bodies were washed at least three times with 50 mM 
Tris, pH 8.0, and finally resuspended in the same buffer to 
1 mg/ml. 


Solubiitzation of PHA polymerase 


Solubilization or extraction of polymerase from the inclusion 
bodies was achieved by mixing 0.5 ml of buffer A [50 mM 
Tris/HCl (pH 7.5)/50 mM NaCl/1 mM EDTA/1 mM dithio- 
threitol (DTT)/1 mM PMSF/10% (v/v) glycerol], containing 
about 20 ug of polymerase inclusion bodies, with an equal bed 
volume of Q- or S-Sepharose Fast Flow, equilibrated in buffer A, 
and shaking the suspensions gently at 4 °C for 2-3 h. As controls, 
either inclusion bodies, Q-Sepharose or S-Sepharose were/was 
omitted from the mixture. The suspensions were then centrifuged 
at 10000g for 10min to remove the resins. The pelleted 
resins were further resuspended in buffer A and 0 5 M NaCl, and 
were shaken at 4 *C for 2 h to elute adsorbed polymerase. The 
Suspensions were centrifuged again at 10000g for 10 min. 
The supernatants obtained after the two centrifugations were 
collected and used for polymerase studies. 


in vitro polymerase activity assay 


The polymerase activity was followed by monitoring the 
depletion of substrate 3-hydroxyoctanoyl-CoA by HPLC as 
described previously [20]. One unit 1s defined as 1 umol of 
substrate depletion/min. 


In vitro synthesis of polymeric mci-PHA 


The m vitro formation of mcl-PHA was followed by detecting the 
chloroform-extractable product. A typical reaction mixture con- 
tained the following components, in a final volume of 450 yl: 
0.5 mM 3-hydroxyoctanoyl-CoA, 50 mM Tris, pH 8, and the 
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soluble polymerase (0.5-1 ug). Assay mixtures were incubated at 
30 °C, samples (60 xl) were taken at different time points, and the 
reactions were stopped by the addition of 140 ul of 1 % trichloro- 
acetic acid. The solution was then extracted with 500 д1 of 
chloroform, which contained 0.01 mg/ml methyl benzoate. A 
400 ul sample of the chloroform phase was transferred to a Pyrex 
tube, mixed with 600 д1 of chloroform (containing 0.01 mg/ml 
methyl benzoate) and 1 ml of H,SO,/methanol (85:15, v/v). The 
mixture was then analysed for the presence and composition of 
PHA as described previously [16]. 


RESULTS AND DISCUSSION 
Overproduction of PHA polymerase 


Previously we have found that, in the wild-type P. oleovorans 
or P. putida strains, PHA polymerase mainly appears as the 
PHA-granule-attached form [7,18] We have tried to isolate PHA 
polymerase from PHA granules with various extraction pro- 
cedures. However, extraction of the PHA polymerase from PHA 
granules invariably resulted in activity loss of polymerase (G. de 
Roo and B. Witholt, unpublished work). We do not yet under- 
stand why PHA polymerase is inactivated by its removal from 
granules. It is possible that the polymerase is active only when 
bound to a hydrophobic surface, normally provided by the 
granule, perhaps there is a requirement for an initiator of 
polymerization, or perhaps the protein denatures on extraction 
from PHA granules. None of these explanations is particularly 
convincing, since PHB polymerase has been purified and 1s 
functional in aqueous buffers [5,21]. We therefore decided to 
overproduce the PHA polymerase and then recover the enzyme 
activity by refolding. 

In our first attempts to reach high-level production of PHA 
polymerase, the corresponding encoding gene phaC] was cloned 
under the control of Plac and Prac promoters. Expression of 
these constructs, however, resulted in less than 0.1% PHA 
polymerase of total cell protein in recombinant strains (results 
not shown). We therefore constructed the plasmid pET702 in 
which phaC 1 expression is under the control of the Palk promoter 
[9], and phaC] 1s tagged with a sequence coding for 12 C-terminal 
amino acids of VSV G [9], to which monoclonal antibodies are 
available. The construct was tested in the PHA polymerase- 
negative P. putida mutant СРр104. In the recombinant 
harbouring pET702 in combination with pGEc74 containing 
the a/k S regulatory gene for Palk expression, induction led to the 
appearance of an extra band at about 62 kDa (Figure 1À, lane 
3 versus lane 2). Western blotting using anti-(VSV G) antibodies 
showed that the PHA polymerase was absent in uninduced cells 
(lane 9) and clearly present in induced cells (lane 10), indicating 
that phaC1 expression is tightly regulated by the Palk promoter. 
We typically obtained PHA polymerase levels of about 15—25 95 
of the total protein in Pseudomonas. 

The VSV G-tagged polymerase was also tested for its ability to 
restore PHA accumulation in P. putida GPp104. Although the 
host is not capable of accumulating PHA [8], GPp104 carrying 
pET702 and pGEc74 produced about 30 95 (w/w) PHA per cell 
dry weight (cdw). Without induction, only trace amounts of 
PHA (0.5% PHA/cdw) were detected, demonstrating that the 
tagged PHA polymerase synthesized from pET702 is functional 
in Pseudomonas. 


Purification of PHA polymerase Inclusion bodies 
When cells containing PHA polymerase were lysed, most of the 


centrifugation (Figure ІА, lane 5 versus lane 4), suggesting that ` 
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Figure 1 Expression, purification and solubilization of phaC1-VSV G 


The Pseudomonas recombinant was grown in minimal medium £2 wrth octanoate as carbon 
sources at 30 °С DCPK (003%) was added m the early exponential phase, and incubation 
continued for 8 h Culture samples were analysed by SDS/12% -PAGE (A) Overproduction of 
PHA polymerase Lanes 1, protein size markers (kDa), 2, uninduced sample, 3, induced 
sampe, 4 and 5, soluble and Insoluble fractions after the ceil lysate was centrifuged at 3000 g 
for 10 min, 6 and 7, soluble supernatant and insoluble pellet frachons of the whole cali lysate 
after centrifugation in 20% (w/v) sucrose at 110000 g for 25 h, 8, purrhed PHA polymerase 
inclusion bodies, 9 and 10, Western blotting of samples from lanes 2 and 3 respectively (B) 
Solubilization of polymerase from Inclusion bodies Each sample corresponds to 4 ug of 
Inclusion bodles Lanes. 1, protein size markers (kDa), 2, solubilized polymerase after inclusion 
bodies were incubated with S-Sepharose, 3, saluble fraction after S-Sepharose was incubated 
in buffer A, 4, solubilized polymerase after Inclusion bodies were Incubated in buffer without 
o-Sapharose 


the enzyme might be present in inclusion bodies or insoluble 
aggregates. These inclusion bodies were separated from the PHA 
granule-attached polymerase and the majority of other proteins 
in the cell lysate by centrifugation through 20% (w/v) sucrose at 
110 000 g for 2.5 h. After this centrifugation, the polymerase 
accounted for more than 50 % of total pellet protein (Figure 1A, 
Jane 7; Table 1). N-terminal sequencing confirmed the identity of 
the polymerase band. We further purified the pellet fraction by 
washing it with Triton X-100 to remove contaminating proteins. 
On the basis of SDS/PAGE, the final preparation contained 
more than 98% pure polymerase (Figure 1A, lane 8; Table 1). 
The final yield of the-purified-PHA polymerase inclusion bodies 


. Was estimated to be 55.8 mg/g of cdw (Table 1). However, in 


polymerase precipitated into the pellet fraction after low-speed- : ‘these inclusion bodies no PHA polymerase activity was detected 


(Table 1). 
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Tabie 1 Purffleation of PHA polymerase from P. putida GPp104[pET702, pGEc74T 


Total protein PHA polymerase Polymerase Specific activity 
Purification step (mg) (X of total protein)t activity (units}§ (uruts/mg}§ 
Pallet fractiont 13 00 50 – - 
Inclusion bodies 558 98 - 
Solubilized polymerase t 052 100 229 4.40 


* PHA polymerase was punfied from 100 mg of cells (dry weight), the data presented in this Table are the averages from two independent experiments 
t The pellet fraction was obtained by centrifugation of cell lysate in 20% (w/v) sucrose at 110000 g for 25 h; the inclusion bodies were obtained by washing the pellet fraction with Triton 
X-100 to remove contaminating proteins, soluble polymerase was obtained by incubating polymerase inclusion bodies with S-Sepharose as described іп the Experimental section 


t Polymerase levels were eshmated by densitometric scanning of SDS/PAGE gels 


§ The polymerase activity was determined with 3-hydroxyoctanoy+CoA by substrate depletion as described previously [20] 





Solubilization and activity recovery of PHA polymerase with lon 
exchange resin 


To recover polymerase activity from the inclusion bodies, we first 
tried conventional methods in which inclusion bodies were 
dissolved in 8 M urea, followed by rapid dilution in several 
renaturation buffers [22]. However, no polymerase activity was 
obtained (results not shown). Previously it was reported that 
some protein inclusion bodies could be solubilized and activated 
by interacting with 10n-exchange resins [23], and we therefore 
tested this approach. with S-.and Q-Sepharose Fast Flow. We 
were unsuccessful with Q-Sepharose, but we found that S- 
Sepharose partially solubilized the polymerase (Figure 1B, lane 
2). About 10% polymerase was recovered from the inclusion 
bodies, leading to a final yield of the soluble enzyme of 5.2 mg/g 
cdw (Table 1). The solubilized polymerase exhibited a maximum 
specific activity of 4.40 units/mg with 3-hydroxyoctanoyl-CoA 
in the presence of 1 mg/ml BSA (Table 1). In all of our 
experiments, recovery of activity occurred only by exposure of 
polymerase inclusion bodies to S-Sepharose in buffer, but not by 
exposure to the buffer alone. 


Factors affecting solubilization of polymerase and its activity 


We have tested different conditions which might influence the 
recovery of polymerase from inclusion bodies. We noted that 
omission of DTT in buffer A led to essentially complete loss of 
the polymerase activity, omission of glycerol gave an approx. 6- 
fold reduced enzyme activity, omission of PMSF resulted in 
degradation of polymerase Furthermore it was found that the 
activity of polymerase solubilized from the inclusion bodies was 


Table 2 Effect of various additives on PHA polymerase activity’ 


Адаме Солсепігаіюп 
Моле} — 

Triton X-100 0.5%, v/v 
BSA 1 mg/mi 
phospholipids 1 mg/ml 
NaCl 05M 

EDTA 5 mM 


time-dependent. Activity started to decrease after 3 h incubation 
in buffer A, and, after 8h, no polymerase activity could be 
detected. 

Different storage conditions were also investigated for re- 
tention of activity. We found that the soluble polymerase lost its 
activity completely by storage at —20 °C for 24 h in buffer A, 
even in the presence of DIT and glycerol, indicating that the 
soluble polymerase is rather unstable, as has also been found for 
solubilized PHB polymerase [5,21]. The reason for this is not 
clear at present. It is possible that there are component(s) which 
are necessary for stabilizing the polymerase and are abundant in 
the cells but are missing in purified soluble polymerase. Further 
optimization for recovery efficiency and improvement for poly- 
merase stability by using different detergents are under investi- 
gation. 

Various additives were tested on the basis of what we have 
recently reported for PHA-granule-attached polymerase [20] 
(Table 2) We found that the soluble polymerase was completely 
inactivated by the addition of 0.595 v/v) Triton X-100. A 
positive effect on polymerase activity was observed after the 
addition of BSA (1 mg/ml) or phospholipids (1 mg/ml), leading 
to about 1.5-fold higher activity compared with the control 
(Table 2). This ıs similar to what was reported for PH A-granule- 
attached polymerase [20]. Addition of NaCl (0.5 M) or EDTA 
(5 mM) did not lead to significant effects on polymerase activity. 


In vitro synthesis of homopolymeric mci-PHA by the soluble 
polymerase 


3-Hydroxyoctanoyl-CoA was incubated with the solubilized 
polymerase for various time periods. The reactions were stopped 
by the addition of 195 trichloroacetic acid. The polymeric 


PHA polymerase activity Percentage 
(units/mg of polymerase) of activity 
247 100 

< 001 0 

440 180 

371 150 

245 100 

2 44 100 


* The activity of soluble PHA polymerase in buffer A was taken as 100; the effect of additives on polymerase activity rs shown relative to this асіміу 
T A typical reaction mixture (100 41) contained 0 4—0 6 mM 3-hydroxyoctanoyl-CoA, 50 mM Tris/HCl, pH 8, and 0 5—1 до of soluble polymerase 
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PHA formatos (шош polymerase) 


Figure 2 /n vitro formation of chloroform-extractable mc}-PHA by purified 
polymerase 


Punfted soluble polymerase (1 ug) was exposed to substrate 3-hydroxyoctancy+CoA Samples 
were taken at different time points The formation of chloroform-extractable product was 
analysed by GC and GC-MS as described in the Experimental section Ф, soluble fraction 
recovered from inclusion bodies after incubation with S-Sepharose; A, CI and ©, Controls 
(C. contro! 1, no polymerase was added in the assay mixture, /\, control 2, no substrate was 
added in the assay mixture, ©, control 3, soluble fraction recovered from inclusion bodies after 
incubation with buffer alone without S-Sepharose) 


product was extracted into chloroform, and analysed by GC and 
GC-MS as described in the Experimental section. This procedure 
allowed us to detect only monomers derived from the chloroform- 
extractable PHA. It does not detect unchanged substrate (3- 
hydroxyoctanoyl-CoA) or 3-hydroxyoctanoic acid which might 
be formed in the assay mixture, since this substrate and the free 
acid remained in the water phase under our assay conditions. 
This was evidenced by using radioactively labelled monomers 
(results not shown). 

No chloroform-extractable material was detected when sub- 
strate or polymerase was omitted from the reaction mixture 
(Figure 2). Chloroform-extractable material was also absent 
when inclusion bodies were used (Figure 2). PHA formation was 
only observed when substrate and the PHA polymerase 
solubilized from inclusion bodies were added to the assay mixture. 
From these data we can conclude that the formation of the 
chloroform-extractable material did not require other com- 
ponents except the polymerase and its substrate. The formation 
of PHA followed a sigmoidal curve, suggesting that there was an 
initial activation step before PHA synthesis could be observed. 
Ultimately, incubation of 1 де of soluble polymerase led to 
the incorporation of 15 nmol of 3-hydroxyoctanoic acid into 
chloroform-extractable PHA (Figure 2). 3-Hydroxyoctanoate 
accounted for 99.9 % of this PHA and the PHA could therefore 
be regarded as a homopolymer. However, the exact physical 
state of the polymer produced (such as molecular mass, granule 
size, substrate specificity etc.) remains to be experimentally 
determined. 

The finding that synthesis of polymer can occur in the presence 
of substrate and polymerase without any other additives is in 
accord with the previous findings of Gerngross and co-workers, 
who showed that PHB can be synthesized im vitro without 
additional factors except substrate and enzyme [6]. The kinetics 
of mcl-PHA production are also reminiscent of the kinetics seen 
with PHB polymerase, namely an initial low rate which 


accelerates as the synthesis proceeds. Further work has to be 
done to understand the nature of this activation during polymer 
synthesis. A likely possibility is that the nascent polymer chain 
improves the catalytic characteristics of the polymerase, perhaps 
by binding to the sites through which the enzyme binds to native 
PHA granules. 

In the present study we have established an efficient process to 
obtain soluble, active mcl-PHA polymerase which had previously 
proved difficult to isolate in an active form. Ion-exchange resin 
was applied to recover the activity of inactive PHA polymerase 
produced as inclusion bodies. We anticipate that the procedure 
applied here may be of potential use in solubilizing and activating 
other inactive enzymes. 


We thank Professor L Thony-Meyer for reading the manuscript before its submission, 
Dr M Nieboer for providing plasmid pAIkKVSVG1, Professor H. Ploegh for providing 
monoclonal antibodies against the VSV G tag, and Dr G. Frank for doing the N- 
terminal sequencing. 
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Phosphoinositide 3-kinase-dependent phosphorylation of the dual adaptor 
for phosphotyrosine and 3-phosphoinositides by the Src family of 
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We recently identified a novel adaptor protein, termed dual 
adaptor for phosphotyrosine and 3-phosphoinositides (DAPP1), 
that possesses a Src homology (SH2) domain and a pleckstrin 
homology (PH) domain. DAPPI exhibits a high-affinity in- 
teraction with PtdIns(3,4,5) P, and PtdIns(3,4)P,, which bind to 
the PH domain. In' the present study we show that when DAPPI 
Js expressed 1n HEK-293 cells, the agonists insulin, insulin-like 
growth factor-1 and epidermal growth factor induce the 
phosphorylation of РАРРІ at Tyr!?. Treatment of cells with 
phosphoinositide 3-kinase (PI 3-kinase) inhibitors or expression 
of a dominant-negative PI 3-kinase prevent phosphorylation of 


— DAPPI at Tyr!??, and a PH-domain mutant of DAPPI, which 


does not interact with PtdIns(3,4,5)P, or PtdIns(3,4)P,, is not 
phosphorylated at Tyr!” following agonist stimulation of cells. 
Overexpression of a constitutively active form of PI 3-kinase 
induced the phosphorylation of РАРР1 in unstimulated cells. 


We demonstrated that Tyr? of DAPP! is likely to be 
phosphorylated in vwo by а Src-family tyrosine kinase, since the 
specific Src-family inhibitor, PP2, but not an inactive variant of 
this drug, PP3, prevented the agonist-induced tyrosine 
phosphorylation of DAPPI. Sre, Lyn and Lck tyrosine kinases 
phosphorylate РАРРІ at Tyr!*? in vitro at similar rates in the 
presence or absence of Рі10(3,4,5)Р,, and overexpression of 
these kinases in HEK.-293 cells induces the phosphorylation 
of Tyr!?*, These findings indicate that, following activation of 
PI 3-kinases, PtdIns(3,4,5)P, or PtdIns(3,4)P, bind to DAPPI, 
recruiting it to the plasma membrane where it becomes 
phosphorylated at Tyr!” by a Src-family tyrosine kinase. 


Key words: PH domain, PP2 inhibitor, protein phosphorylation, 
SH2 domain, Src tyrosine kinases. 





INTRODUCTION 

Stimulation of cells with insulin and growth factors activates 
members of the phosphoinositide 3-kinase (PI 3-kinase) family, 
which phosphorylate PtdIns(4,5)P, at the D-3 position of 
the inositol ring to generate the lipid second messenger, 


—^  PtdIns(3,4,5)P, [1] PtdIns(3,4,5)P, and its immediate breakdown 


А 


" 


product, PtdIns(3,4) A, also thought to be a second messenger, 
interact with proteins that possess a certain type of pleckstrin 
homology (PH) domain [2], leading to the recruitment of these 
molecules to the plasma membrane and the activation of signal 
transduction pathways that regulate cell growth, proliferation, 
survival, differentiation and cytoskeletal changes [3]. 

Proteins possessing PH domains that interact with 
PtdIns(3,4,5)P, include the serine/threonine protein kinases, 
protein kinase B (PK B) [4], 3-phosphoinositide-dependent pro- 
tein kinase-] (PDK 1) [5], Bruton's tyrosine kinase (BTK) [6], the 
Rho/Rac GTP exchange factor Vav [7], the adaptor protein 
Gab] [8] and the ADP-ribosylation factor GTP exchange factor 
GRPI [9]. Interaction of PtdIns(3,4,5)P, with РКВ, BTK, Gabl 
and Vav induces their translocation to the cell membrane, which 
15 necessary for their phosphorylation and activation by specific 
upstream protein kinases. PK B is phosphorylated and activated 
by РОКІ [10], whereas ВТК [6] and Vav [7] are phosphorylated 
and activated by members of the Src family of tyrosine kinases, 
and Gabi is phosphorylated by receptor tyrosine kinases [8]. 


We [11] and subsequently others [12,13] have identified a 
widely expressed protein termed dual adaptor for phospho- 
tyrosine and 3-phosphoinositides (DAPP1), which contains both 
a PH domain, that interacts specifically with PtdIns(3,4,5)P,/ 
PtdIns(3,4)A,, as well as a phosphotyrosine-binding Src hom- 


-> ology (SH2) domain. In the present paper, we demonstrate that 


the activation of PI 3-kinase in cells induces the phosphorylation 
of DAPPI at Tyr'??, and provide evidence that a Sre family of 
tyrosine kinase mediates the phosphorylation of DAPP! at this 
site. 


MATERIALS AND METHODS 
Materlals 


Insulin was from Novo-Nordisk (Copenhagen, Denmark), m- 
sulin-like growth factor-1 (IGF1) and epidermal growth factor 
(EGF) were from Life Technologies, PP2 and PP3 were from 
Calbiochem, Protease inhibitor tablets were from Roche, and 
wortmannin, LY 294002 and anti-FLAG М2 antibody were 
from: Sigma. Antibodies against phosphotyrosine (PY99), Lyn 
and Lck were from Santa Cruz; partially purified” Ѕгс and 
Lyn and the anti-Sre antibody were from Upstate Biotechnology, 
anti-CD2 antibody was from Plasminogen. Lck was expressed 
in Sf9 cells infected with baculovirus vectors by Dr Andrew 


Abbreviations used’ BTK, Bruton tyrosine kinase, DAPP1, dual adaptor for phosphotyrosine and 3-phosphoinosrtides, EGF, epidermal growth factor, 
GST, glutathione S-transferase, IGF1, insulin-like growth factor-1, PKB, protein kinase B, PDK1, 3-phosphoinositide-dependent protein kinase-1, Р! 
3-kinase, phosphoinositide 3-kinase, PH, pleckstrin homology; SH2, Src homology, Y139F, Tyr"? — Phe substitution 

1 To whom correspondence should be addressed (e-mail s.j dowler@dundee ac uk) 
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Paterson (MRC Protein Phosphorylation Unit, University of 
Dundee, Dundee, Scotland, U.K). 


General methods 


Molecular-biology techniques were performed using standard 
protocols. Site-directed mutagenesis was carried out using the 
QuikChange kit (Stratagene), following instructions provided by 
the manufacturer. DNA constructs used for transfection were 
purified from Escherichia coli using the Qiagen plasmid Mega kit 
according to the manufacturer’s protocol, and their sequences 
were verified using an automated DNA sequencer. 


Plasmids 


Constructs encoding wild-type and mutant DAPPI with an N- 
terminal glutathione S-transferase (GST) tag followed by a 
FLAG epitope tag were subcloned into either pEBG2T, for 
expression in HEK-293 cells (as described previously [11]), or 
pGEX-4T-2, for expression in Ё. coli. The constructs expressing 
the wild-type and kinase-dead PI 3-kinase catalytic subunit fused 
to the transmembrane domain of rat CD2 (termed p110* and 
p110-KD), and the dominant-negative (Ap85a) РІ 3-kinase, have 
been described previously [14]. Constructs expressing Lyn, Itk 
and Bmx (in the pSRa vector), JAK2 (in the pSVK3 vector), Btk 
(in the pRKS vector) and FAK (in the pCMV5 vector) were gifts 
from Hiroyuki Mano (Jichi Medical School, Tochigi, Japan). 
The construct expressing Lck (in the pCDNA vector) was kindly 
provided by Dr Bart Sefton (The Salk Institute, La Jolla, CA, 
U.S.A.). The construct expressing c-Src (in the pUSEamp vector) 
was purchased from UBI. 


Transfection, cell stimulation and Immunoblotting 


HEK-293 cells were cultured on 10-cm-diameter dishes in 
Dulbecco's modified Eagle's medium containing 10% (v/v) 
fetal-bovine serum, and transfections were carried out using a 
modified calcium phosphate method [15]. In all experiments, 
5 ug of DNA of the indicated construct was used per dish, except 
for experiments using the GST-DAPPI[W2SOL] mutant, in 
which 10 ug of DNA was used in order to obtain expression 
equal to that of the wild-type GST-DAPPI. At 24h post- 
transfection the cells were serum-starved for 16 h and incubated 
ın the presence or absence of inhibitors prior to stimulation, as 
described ın the Figure legends. The cells were lysed in 1 ml of 
ice-cold lysis buffer [which consisted of 50 mM Tris/HCi (pH 
7 5,1 mM EGTA, 1 mM EDTA, 1 % (w/v) Triton X-100, 1 mM 
sodium orthovanadate, 50 mM sodium fluoride, 5 mM sodium 
pyrophosphate, 0.27 M sucrose, 1 #M microcystin-LR, 0.1% 
(v/v) 2-mercaptoethanol and one tablet of protease inhibitor 
cocktail per 50 ml of buffer] The lysates were cleared by 
centrifugation at 13000 g for 10 min at 2?C, and aliquots of 
supernatant (50 ug of protein) were incubated for ] h at 4?C 
with 10 ul of GSH-Sepharose. The beads were washed twice 1л 


lysis buffer containing 0.5 M NaCl, followed by two further 


washes in Buffer B [50 mM Tns/HCl (pH 7.5)/ 0.1 mM EGTA/ 
0.195 (v/v) 2-mercaptoethanol]. The beads were resuspended in 
1 vol. of sample buffer containing 100 mM Tris/HCl (pH 6.8), 
4% (w/v) SDS, 20% (v/v) glycerol and 200 mM dithiothreitol, 
and the released proteins were subjected to SDS/PAGE. The gels 
were analysed by immunoblotting with the indicated antibodies. 
Briefly, membranes were blocked in 50mM Tris/HCl (pH 
7.5)/0.15 M NaCl/0.5% (v/v) Tween 20 (TBST) containing 
either 3 mg/ml BSA (for anti-phosphotyrosine blots) or 10% 
(w/v) skimmed mik (for all other blots). The nitrocellulose 
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membranes were immunoblotted in the same buffer with ant- 
phosphotyrosine PY99 antibody (at a dilution of 1:2000), 
anti-FLAG monoclonal antibody (1: 10000) and anti-Src, Lck, 
Lyn, CD2 antibody (1:1000). Detection was performed using 
horseradisb-peroxidase-conjugated secondary antibodies and 
ECL” (Amersham). 


Expression of GST-DAPP1 and GST~DAPP1[¥139F] (Туг'2 — Phe 
substitution) In E. coli 


The pGEX-4T-2 constructs encoding wild-type DAPP1 and 
DAPPI[Y139F] were transformed into BL21 Е. coli cells and a 
0.51 culture was grown at 37?C in Luria broth containing 
100 ug/ml! ampicillin until the D,,, was 0.6. Isopropyl-£-p- 
thiogalactoside (250 4M ) was added and the cells were cultured 
for a further 16h at 26?C. The cells were lysed and the 
GST-DAPPI1 fusion proteins purified by affinity chromato- 
graphy on GSH-Sepharose beads, as described: previously for 
ERK2 [16]. 


in vitro phosphorylation of DAPP1 by Sre, Lyn and Lek 


A solution (20 ul) containing bacterially expressed GST-DAPPI 
or GST-DAPPI[Y 139F] (1 ug), purified Sre (1 unit), Lek (1 unit) 
and Lyn (1 unit), 5 mM manganese acetate, 5 mM magnesium 
acetate, 100 uM [5-"PJATP, 50 mM Tris/HCl (pH 7.5) and 
0.1% (v/v) 2-mercaptoethanol was incubated for 30 min at 
30 °C. The reactions were stopped by the addition of SDS 
and the samples were subjected to SDS/PAGE (7.5% gel), and 
phosphorylation of DAPP! was revealed by autoradiography. 
Src, Lyn and Lck were assayed using the peptide substrate 
KVEKIGEGTYGVVYK [17], and 1 unit of activity was de- 
termined as that which phosphorylates 1 nmol of peptide sub- 
strate in 1 min. 


Mapping the residue phosphorylated in DAPP1 by Lek 


A solution (50 4I) containing GST-DAPPI (5 ug), 5 ug of 59 
cell lysate expressing Lck (or Sf9 cell lysate not expressing Lck, 
as a contro, 5mM manganese acetate, 5mM magnesium 
acetate, 100 uM [y-?P]ATP, 50mM Tris/HCl (pH 7.7) and 
0.1% (v/v) 2-mercaptoethanol was incubated for 30 min at 
30 °C. The reactions were stopped by the addition of SDS and 
2-mercaptoethanol to final concentrations of 1% (w/v) and 1% 
(v/v) respectively, and heated for 5 min at 95 °C. After cooling 
to ambient temperature, 4-vinylpyridine was added to a concen- 
tration of 2.595 (v/v), and the sample was kept on a shaking 
platform for 1 h at 30?C to alkylate cysteine residues. The 
sample was then electrophoresed by SDS/PAGE (7.5% gel), 
and the **P-labelled СЅТ-РАРРІ was eluted from the gel and 
digested with trypsin and chromatographed on a reverse-phase 
C,, column as described previously for РКВ [15]. DAPPI was 
not significantly phosphorylated when incubated in the control 
Sf9 cell lysate not expressing Lck. 


RESULTS 
DAPP1 !s phosphorylated at Туг” in HEK-293 cells 


We sought to test whether DAPP1 was phosphorylated on 
tyrosine residues following stimulation of cells with extracellular 
agonists. Full-length human рАРРІ was expressed in human 
HEK-293 cells as a GST-fusion protein, the cells were serum- 
starved for 16 h, and then stimulated with either insulin, IGF1 or 
EGF. The cells were lysed, GST-DAPP] was purified by affinity 
chromatography on GSH-Sepharose, and then GST-DAPPI 


Tyrosine phosphorylation of the dual adaptor of phosphotyrosine and 3-phosphoinositides 607 





ш: T stimulation (min) 


STIMULUS 


5 10 20 40 80 


anti-pTyr 
INSULIN 














B Control Iasnlin IGF1 EGF 
GST-DAPP1 [WT] + — + -4 — + — 
GST-DAPPI[Y139F]— + — +- T. - 4 
-— a : | 
ta ү 2 ence 
C 1002M 100uM 


DMSO — WORT LY 


Agonist эра ть 





Figure 1 DAPP1 Is phosphorylated at Tyr'? in stimulated calls 


(A) HEK-293 cells were transientty transfected with DNA constructs expressing wild-type 
GST—DAPP1 At 24 h post-transfection the cells were serum-starved for 16 h and stimulated 
with insulin (100 nM), IGF1 (100 ng/ml) or EGF (100 ng/ml) for the Indicated times The calls 
were lysed, and GST-DAPP1 was punted from aliquots of the supernatant by affinity 
chromatography on glutathione-Sepharose. The punfed protein was separated by SDS/PAGE 
(75% gel) and immunoblotted using an anti-phosphotyrosine (anti-pTyr) or a FLAG antibody 
to detect GST—DAPP1 (GST—DAPP1 ıs also FLAG-eprtope tagged [11]). (B) As in (A), except 
that the HEK-293 calls were transiently transfected with DNA constructs expressing wild-type 
(WT) GST-DAPP1 or the GST—DAPP1 [Y139F] mutant The cells were stimulated with 
insulin (10 min) and iGF1 (10 min) or EGF (5 min) (C) As In (A), except that the cells were 
incubated for 10 min prior te stimulaton with 100 nM wortmannin (WORT) ог 100 uM 
LY294002 (LY) or DMSO The calls were stimulated erther for 10 min with insulin or IGF1 or 
for 5 min with EGF These results are representative of at least three independent expenments 
in (A) and (C) and two experiments in (B) 


was immunoblotted with an anti-phosphotyrosine antibody 
(Figure 1A). These agonists induced a rapid phosphorylation of 
DAPPI within 1-2 min, which was sustained for 80 min after 
stimulation with insulin, but was more transient with IGF1 and 
EGF (Figure 1A). 

Tyr??? of DAPPI is located between the SH2 and PH domains 
of DAPPI and is the only tyrosine residue in the DAPP1 protein 
not located in the SH2 or PH domains. To our knowledge no 
tyrosine residue in a SH2 or PH domain has previously been 
shown to be phosphorylated. We therefore speculated that Tyr!?? 
was the site of phosphorylation on DAPPI. To investigate this 
we mutated Туг! + Phe (Y 139F) and expressed this mutant in 
НЕК -293 cells as a GST-fusion protein. Stimulation of cells with 
insulin, IGF] or EGF failed to induce any detectable 
phosphorylation of the GST-DAPPI[Y139F] mutant (Figure 
1B), indicating that Tyr??? was indeed the site of phosphorylation. 
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Figure 2 Phosphorylation of DAPP1 fs dependent on the PH domain and 
requires РІ 3-kinase 


(A) НЕК-293 cells were transiently transfected with DNA constructs expressing wild type (WT) 
GST-DAPPi or mutants of GST-DAPP1 that do not interact with 3-phospholnositides 
(GST—DAPP1[K173L] or GST—-DAPP1IW250L]) At 24 h postHransfechon the cells were serum- 
starved for 16 h pror to stimulation with 100 nM insulin (10 min), 100 ng/ml IGF1 (10 min) 
or 100 ng/ml EGF (5 min) The ceils were lysed, and GST—DAPPT was purfed and 
immunoblotted using an anti-phosphotyrosine antibody (anti-pTyr) or a FLAG antibody to detect 
GST-DAPP1 (B) As m (A), except that HEK-293 cells were ігапзівліу co-transfected with ОМА 
constructs expressing. GST—-DAPP1IWT] or GST—DAPPT[YT39F], together with constructs 
expressing mambrane-targetted wild-type РІ 3-kinase (p110"*), membrane-targetied kinase dead 
РІ 3-kinase (p110-KD), a dominant-negative РІ 3-kinase (Ap85a) or empty pCMV5 vector 
(vector) At 24h postiransfechon the cells were serum-starved for 16h and then ief 
unstimulated (—) or stimulated with IGF1 for 10 min (-F) The expression of PI 3-kinass 
constructs was verified by immunodlothng with anti-CD2 antibody p110* and p110-KD were 
expressed at similar levels, and Ap85a was expressed at a 5-fold higher level (results not 
shown) (C) As in (A), except that the cells ware co-transfected with the indicated forms of РІ 
3-kinase The celis were lysed without stimulation. These results are representative of two 
separate experiments 


Phosphorylation of DAPP1 is downstream of PI 3-kinase 


In order to establish whether the activation of PI 3-kinase was 
required for phosphorylation of DAPPI at Tyr!??, we added 
the structurally unrelated PI 3-kinase inhibitors wortmannin 
(100 nM) or LY 294002 (100 LM) to the tissue-culture medium 
at concentrations that inhibit the insulin-induced activation of 
PKB in these cells [18] prior to. stimulation of the cells. These 
inhibitors prevented tyrosine phosphorylation of РАРРІ in- 
duced by insulin, IGF1 or EGF (Figure ІС). 

Two mutants of GST-DAPPI, which do not interact with 3- 
phosphoinositides (GST-DAPPI[K173L] (Lys!? ^ Leu) and 
GST-DAPP1[W250L] (Trp*™ ^ Leu) [11], were not significantly 
phosphorylated on tyrosine following stimulation of cells with 
insulin, IGF1 or EGF (Figure 2A). Overexpression of DAPPI 
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Figura 3 Phosphorylation of DAPP1 at Tyr™ by Src-famity kinases /n vivo 


(A) HEK-293 cells were transiently transfected with DNA constructs expressing wild-type 
GST—DAPP1 At 24 h posttranstection, the cells were serum-starved for 16 h and incubated with 
DMSO (—) or the indicated concentrations of PP2 or PP3 for 20 min before stimulation 
with 100 nM insulin (10 min), 100 ng/ml IGF1 (10 min) or 100 ng/ml EGF (5 min) The cells 
were lyssd and GST—DAPP1 was purrftied and immunoblotted using an ant-phosphotyrosine 
antibody (ant-pTyr) or a FLAG antibody to detect GST—DAPP1 (В) As in (A), except that HEK- 
293 cells were co-transfected with DNA constructs expressing wild-type (WT) GST--DAPPT or 
GST—DAPP1[Y139F], together with constructs expressing Src, Lyn, Lek or empty pCMY5 vector 
(vector) At 24 h post-transfection, the cells were serum-starved for 16 h and lysed without 
stimulation Expression of Src, Lyn and Lek was verrfied by immunoblotting of cell tysates with 
appropriate antibodies and these kinases were expressed at similar levels in calls expressing 
ather GST-DAPP1 [WT] or GST--DAPP1 [Y139F] (results not shown) These results are 
. representative of two separate experimants 


with a membrane-targetted, constitutively activated form of PI 
3-kinase (termed p110* [14]) induced a high level of tyrosine 
phosphorylation of wild-type GST-DAPPI, but not of СЅТ-- 
DAPP1(Y139F), in unstimulated cells, which was not increased 
further by stimulation with IGF1 (Figure 2B) In contrast, a 
membrane-targetted, catalytically inactive mutant of PI 3-kinase 
(termed p110-KD) failed to induce tyrosine phosphorylation of 
DAPP!1 and the overexpression of a dominant-negative mutant 
of PI 3-kinase (termed Ap85a) inhibited the IGF1-induced 
tyrosine phosphorylation of DAPPI (Figure 2B). Moreover, 
overexpression of the constitutively activated form of PI 3-kinase 
did not induce tyrosine phosphorylation of the mutants of 
GST-DAPPI, which no longer interact with 3-phosphoinositides 
(GST-DAPPI[K173L] and GST-DAPPI[W250L)) (Figure 2C). 


Phosphorylation of DAPP1 is prevented by inhibitors of the Sre 
family of tyrosine kinases 


Tyr?? of DAPPI les in a sequence motif Ile!59-Tyr-GluMe, 
which is predicted to correspond to the optimal consensus motif 
for phosphorylation by Src-family tyrosine kinases [19]. We 
therefore tested the effect of PP2, a specific inhibitor for this class 
of tyrosine kinase, and PP3, a structurally related compound that 


does not inhibit Src-family tyrosine kinases [20,21]. PP2 inhibited - - 


the Src family kinase members tested with an IC,, of = 5 nM m 
vitro and does not significantly inhibit any other class of tyrosine 
kinase tested [20,21] or 25 serine/threonine protein kinases tested 
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Figure 4 Phosphorylation of DAPP1 at Туг"? by Src-family kinases /n vitro 


(A) The indicated Src-family tyrosine kinases were incubated with punted wild-type (WT) 
GST-DAPP1 or GST-DAPP1[Y139F] in the presence of [y-“PJATP as described in the 
Materials and methods sechon The proteins were separated by PAGE (7 5% gel), the gel was 
stained with Coomassie Blue and autoradiographed to detect phosphorylated DAPP1 (B) As in 
(A), except that the reactions were performed in the presence of lipid vesicles containing 
100 4M phosphatidylcholine and 100 4M phosphabxlylsenne with (+) or without (—) 
10 uM sn-l-stearoyl-2-arachidonoyl-o-Ptdlns(3,4,5) (prepared as described in [28]) In a 
parallel reaction it was verted that GST—PDK1 only phosphorylated GST—PKBa in the 
presence of lipid vesicles containing Ptdins(3,4,5)A (C) DAPP1, which had been phosphorytated 
with Lek using [P]ATP to 08 mol of *?P/mol of protein (sea the Matenals and methods 
section), was digested with trypsin and chromatographed ол a Vydac 218TP54 С,, column 
(Separabons Group, Hesperia, CA, US A), equilibrated with 0 1% (v/v) aqueous trifluoroacetic 
acid The column was developed with a linear acetonitrile gradient (diagonal line) at a flow rate 
of 08 ml/min and fractions of 04 mi were collected Of the radioactivity applied to the column 
85% was recovered from the major **P-pepuide eluting at 18 8% acetonitnie. (D) A portion of 
the major *P-pepbde (5 pmol) was analysed on an Applied Biosystems 492A sequencer, and 
the phenylttuohydantom amino acids identrhed after each cycle of Edman degradation are 
shown, using the singleetler code A portion of this peptide (2000 срт) was also coupled 
covalently to a Sequelon arylamine membrane and analysed on an Applied Biosystems 470A 
sequencer, the 22Р radicactivity released was measured after each cycle of Edman degradation 


(S. Davis, H. Reddy and P. Cohen, personal communication). 
PP2 potently inhibited the insulin-induced tyrosine phosphoryl- 
ation of DAPPI (Figure ЗА), even at very low concentrations of 
this drug (0.1 7M). In contrast, PP3, even at a concentration 
of 10 4M, did not inhibit insulin-mediated tyrosine phosphoryl- 
ation significantly (Figure 3A). PP2 also inhibited the tyrosine 
phosphorylation of DAPPI induced by IGF1 and EGF (Figure 


‚ 3A). 
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Expression of Src, Lck or Lyn in cells Induces phosphorylation of 
DAPP1 


HEK-293 cells were transfected with constructs expressing either 
the wild-type GST-DAPP1 or the GST-DAPPI[Y139F] mutant, 
together with constructs encoding the Src-family tyrosine kinases 
Sre, Lyn or Lek. This resulted in the wild-type GST-DAPP1, but 
not the GST~DAPPI[Y139F] mutant, becoming tyrosine 
phosphorylated 1n unstimulated cells (Figure 3B). Phosphoryl- 
ation was accompanied by a decrease in the electrophoretic 
mobility of DAPP1 and was not increased further by stimulating 
cells with insulin, IGF1 ог EGF (results not shown). Expression 
of DAPP] with other tyrosine kinases, including the focal 


adhesion kinase, Janus kinase-2 and the Tec tyrosine kinases ` 


(ВТК, ИК and BM X), failed to induce phosphorylation of wild- 
type GST-DAPPI (results not shown). 

Src, Lyn and Lek phosphorylated wild-type СЅТ-РАРРІ in 
vitro, but the GST-DAPPI[Y139F] mutant was either not 
phosphorylated or phosphorylated to a very low extent (Figure 
4A). The phosphorylation of DAPP1 by Src, Lyn and Lek in vitro 
was not affected by the presence of lipid vesicles containing 
PtdIns(3,4,5) 5. However, in parallel experiments, PDK1 only 
phosphorylated PKB in the presence of lipid vesicles containing 
PtdIns(3,4,5) P, (Figure 4B), as reported previously [22,23]. The 
site on РАРРІ phosphorylated by Lek was also mapped by 
phosphorylating DAPP1 with Lck to 0.8 mol of P,/mol of 
protein, digesting the **P-labelled DAPPI1 with trypsin and 
subjecting the resulting peptides to chromatography on a C,, 
column at pH 1.9. Only one major **P-labelled peptide, eluted 
at 18.895 acetonitrile, was observed (Figure 4C). Its sequence 
commenced at. residue 132 of DAPPI, and a single burst of 
radioactivity occurred after the eighth cycle of Edman degra- 
dation (Figure 4D). Its molecular. mass (1515.66), determined 
by matrix-assisted laser-desorption 1onization—time-of-flight 
( MALDI-TOF’) MS, was identical with that expected (1515.74) 
for the tryptic peptide comprising residues 132-143 and 
phosphorylated at a single position. These results demonstrate 
that DAPPI is phosphorylated at Tyr!?** m vitro by Lck. 


DISCUSSION 


In the present work we demonstrate that РАРРІ becomes 
phosphorylated at a single tyrosine residue (Tyr***) following 
stimulation of HEK-293 cells with agonists such as insulin, IGF1 
and EGF. The phosphorylation of ОАРРІ on Tyr!?? 1s likely to 
be downstream of PI 3-kinase as inhibitors of PI 3-kinase (Figure 
1C) and expression of a dominant-negative PI 3-kinase mutant 
prevented agonist-induced DAPP! tyrosine phosphorylation 
(Figure 2B). Furthermore, the expression of a constitutively 
active PI 3-kinase in cells induced phosphorylation of DAPPI 
at Tyr? in unstimulated cells (Figure 2B). DAPP1 mutants 
that are unable to interact with PtdIns(3,4,5) P /PtdIns(3,4) P, 
were not phosphorylated at Tyr"? in either stimulated cells 
(Figure 2A) or cells overexpressing active PI 3-kinase (Figure 2C), 
suggesting that DAPPI needs to interact with PtdIns(3,4,5) P, 
/PtdIns(3,4) P, 1n order for ıt to become phosphorylated at this 
site. Furthermore, the time course of DAPPI phosphorylation 
(Figure 1A) closely parallelled the activation of PKB in these 
cells by insulin, IGF1 [18] and EGF (M. Shaw, personal 
communication). DAPPI also possesses an SH2 domaun at its N- 
terminus and, in order to investigate the role of this domain, we 
mutated a conserved Arg residue (Arg?! to a Glu) that, in 
principle, should prevent the SH2 domain of DAPP! from 
binding to tyrosine-phosphorylated proteins. We observed that 
when the GST-DAPPI[R61E| mutant was expressed in 
unstimulated cells, it was phosphorylated on tyrosine at a low 


level. However insulin, IGF1, EGF or overexpression of 
constitutively active PI 3-kinase did not induce any further 
tyrosine phosphorylation of the GST-DAPPI[R61E] mutant 
(results not shown). This indicates that the SH2 domain of 
DAPPI is likely to be playing a role in enabling DAPPI to 
become phosphorylated at Tyr'?? in response to agonists that 
induce РІ 3-kinase activation Further work is required to identify 
the proteins with which the SH2 domain of DAPPI interacts, 
and the role that they play in enabling РАРРІ to become 
phosphorylated at Tyr!?*, 

The Src family of protein kinases contain eight members, 
some which are broadly expressed (e g. Src) and others whose 
expression is restricted to certain tissues (such as Lck and Lyn, 
which are mainly expressed in haematopoietic cells) [24]. These 
kinases possess overlapping substrate specificities, are known to 
play key functions in regulating signal-transduction pathways 
and have also been shown to play a role in several human 
malignancies [25]. Src-family tyrosine kinases are activated by 
both receptor tyrosine kinases, as well as by receptors that are 
not protein kinases. Here we demonstrate that DAPP1 is likely 
to be a physiological substrate for the Src family of tyrosine 
kinase, as the Src-family inhibitor PP2 prevented agonist-induced 
tyrosine phosphorylation of DAPPI ın cells. HEK-293 cells 
express detectable levels of Src and Lyn (results not shown), 
which may be the kinases responsible for the phosphorylation of 
transfected GST-DAPP1 at Tyr'??* observed in our experiments. 
Src, Lyn ог Lek phosphorylated РАРРІ on Tyr!?? m vitro. 

Tyr!?? is conserved in human, mouse and sea-squirt (Halo- 
cynthia roretzi) DAPP! [National Center for Biotechnology 
Information (NCBI) accession number AV383515], which would 
be predicted 1f phosphorylation of this residue is of physiological 
importance. Furthermore, co-expression of DAPPI1 with Src, 
Lyn or Lek induced a very high level of phosphorylation of 
DAPPI at Tyr??, even ın unstimulated cells, which was not 
increased further by agonist stimulation of cells. As Src-family 
kinases activate the PI 3-kinase pathway in many cells [1], it is 
possible that the overexpression of Src, Lyn or Lek in НЕК -293 
cells induces the activation of PI 3-kinase, thereby promoting 
РАРРІ phosphorylation in unstimulated cells. As Src-family 
tyrosine kinases are located at the plasma membrane by virtue of 
myristoylation and palmitoylation of their N-termini [26], it is 
likely that the role of PtdIns(3,4,5) P, 1s to recruit DAPPI to the 
cell membrane, where it can be phosphorylated with Src-family 
tyrosine kinases. 

One of the general mechanisms by which PtdIns(3,4,5)P,/ 
PtdIns(3,4)P, functions in cells is to recruit PH-domain-con- 
taining proteins to the plasma membrane, enabhng them to 
become phosphorylated and hence activated (see the Intro- 
duction). This also appears to be the case for DAPPI which, 
like BTK, Vav and Gabl, becomes phosphorylated at tyro- 
sine residues following its interaction with PtdIns(3,4,5)P,/ 
PtdIns(3,4)P, in cells. DAPP1, like BTK and Vav, 1s phosphoryl- 
ated by Src-family kinases in vitro at a similar rate in the presence 
or absence of PtdIns(3,4,5)P, (Figure 4B), suggesting that the 
interaction of DAPP1 with 3-phosphoinositides does not induce 
a conformational change that converts it into a substrate for the 
Src family of tyrosine kinases. This 15 in contrast with PKB, 
which is converted into a substrate for РОКІ through its 
interaction with PtdIns(3,4,5) P, (Figure 4B) [27]. 

Consistent with the above model, Clark and colleagues [12] 
have recently demonstrated that transfected DAPPI 1s recruited 
to the plasma membrane of cells through its PH domain following 
activation of PI 3-kinase. Those authors also showed that the 
endogenous DAPP! in B cells is phosphorylated on a tyrosine 
residue(s) in response to activation of the B-cell receptor. They 
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also present some evidence that РАРРІ may interact with 
phospholipase Cy2 through its SH2 domain, and, when DAPPI 
18 overexpressed in cells, it negatively inhibits transcriptional 
responses, regulated by nuclear factor, of activated T cells [12]. 
It will be important to establish whether DAPP! in B cells 1s also 
phosphorylated at Tyr? by Src-family kinases following the 
activation of PI 3-kinase in response to activation of the B-cell 
receptor. 

In summary, the results presented here indicate that DAPPI is 
likely to be a direct cellular target for both PI 3-kinase and Src- 
family tyrosine kinases, and that the phosphorylation of DAPP1 
at Туг! may play an important role in triggering signal- 
transduction pathways that lie downstream of both PI 3-kinase 
and the Src family of tyrosine kinases. Physiological processes 
regulated by phosphorylation of DAPPI should therefore be 
inhibited by either PI 3-kinase or Src inhibitors. 
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Targeting and insertion of C-terminally anchored proteins to the 
mitochondrial outer membrane is specific and saturable but does not 
strictly require ATP or molecular chaperones 
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A distinct class of proteins contain a C-terminal membrane 
anchor and a cytoplasmic functional domain. A subset of these 
proteins is targeted to the mitochondrial outer membrane. Here, 
to probe for the involvement of a saturable targeting mechanism 
for this class of proteins, and to elucidate the roles of chaperone 
proteins and ATP, we have utilized an in vitro targeting system 
consisting of m vitro-synthesized proteins and isolated mito- 
chondria. To establish the specificity of targeting we have used a 
closely related protein pair. VAMP-1A and VAMP-1B are splice 
variants of the vesicle-associated membrane protein/synapto- 
brevin-1 (VAMP-1) gene. In intact cells VAMP-1B is targeted to 
mitochondria whereas VAMP-1A is targeted to membranes of 
the secretory pathway, yet these isoforms differ by only five 
amino acids at the extreme C-terminus. Here we demonstrate 
that, in vitro, VAMP-1B is imported into both intact mito- 
chondria and mitochondrial outer-membrane vesicles with a 15- 
fold greater efficiency than VAMP-1A. We generated and purified 
bacterially expressed fusion proteins consisting of the C-terminal 
two-thirds of VAMP-1A or -1B proteins fused to glutathione S- 
transferase (GST). Using these fusion proteins we demonstrate 
that protein targeting and insertion is saturable and specific for 


the УАМР-ІВ membrane anchor. To elucidate the role of 
cytosolic chaperones on VAMP-1B targeting, we also used the 
purified, Escherichia coli-derived fusion proteins. **P-Labelled 
GST-VAMP-1B,, ,,,, but not GST-VAMP-1A,, ,,,, was effici- 
ently targeted to mitochondria in a chaperone-free system. Thus 
the information required for targeting is contained within the 
targeted protein itself and not the chaperone or a chaperone- 
protein complex, although chaperones may be required to 
maintain a transport-competent conformation. Moreover, ATP 
was required for transport only in the presence of cytosolic 
chaperone proteins. Therefore the ATP requirement of transport 
appears to reflect the participation of chaperones and not any 
other ATP-dependent step. These data demonstrate that targeting 
of C-terminally anchored proteins to mitochondria 1s sequence 
specific and mediated by a saturable mechanism. Neither ATP 
nor chaperone proteins are strictly required for either specific 
targeting or membrane insertion. 


Key words: import pathway, protein import, rat liver mito- 
chondria, tail-anchored membrane protein, VAMP-1. 





INTRODUCTION 


C-terminally anchored proteins represent a unique subset of 
membrane proteins in the cell that play a number of critical roles 
[1]. Examples include the vesicle-associated membrane protein/ 
synaptobrevin (VAMP) and syntaxin families of proteins, mem- 
bers of the soluble N-ethylmaleimide-sensitive-factor-attach- 
ment-protein receptor (SNARE) proteins, which are crucial 
elements of the vesicular trafficking system of the cell, and the 
Вс]-2 family of proteins, involved in apoptosis. These proteins 
share a domain structure consisting of an N-terminal cytosolic 
domain, the functional domain of the protein, and a stretch of 
hydrophobic residues at the extreme C-terminus of the protein 
that provides both the targeting signal and the membrane anchor. 
Because the membrane anchor is C-terminal the targeting of 
these proteins to their respective membranes must be post- 
translational rather than co-translational. The extent to which 
the targeting of these proteins is compartment-specific has been 


controversial. Early studies indicated that a prototypic member 
of this class of proteins, cytochrome b, could insert non- 
specifically into lipid membranes in vitro [2-4], suggesting that 
targeting would be relatively non-specific. More recently, how- 
ever, it has been recognized that in some cases, but not all, 
localization is quite specific. For example, two closely related 
isoforms of the cytochrome b, gene have been found to have non- 
overlapping subcellular distributions. One isoform, rat outer 
mitochondrial membrane cytochrome 5,, is only present in mito- 
chondria whereas the other, microsomal cytochrome b,, is re- 
stricted to endoplasmic reticulum (ER) membranes [5]. Such 
restricted localization is not always observed for this class of 
proteins. Bcl-2 is found in the ER, the nuclear membrane and in 
mitochondria [6,7], bringing into question the specificity of the 
targeting apparatus. Yet even 1n the case of Bcl-2 the question 
remains whether the promiscuity of targeting is due to a lack of 
specificity ш the targeting process, or the presence in one protein 
of multiple targeting signals. The bulk of evidence suggests that 


Abbreviations used VAMP, vesicle-associated membrane protein/synaptobrevin, SNARE, soluble N-ethyimaleimide-sensitive-factor-atiachment- 
protein receptor, pSUS, «-DHFR, fusion protein between matrix-targeting signal of F,-ATPase subunit 9 and mouse dihydrofolate reductase; ER, 
endoplasmic reticulum, CCCP, carbonyl cyanide m-chlorophenylhydrazone, cpng, chaperonin heat-shock protein 60, Tom20, translocase of the outer 
membrane of mitochondria of 20 kDa; GST, glutathione S-transferase, SRP, signal-recognition particle, MSF, mitochondrial import stimulation factor, 


GRP 7&-kDa glucose-regulated protein 
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the only two membranes to which C-terminally anchored proteins 
can be targeted are the ER and the mitochondrial outer mem- 
brane [1,8,9]. Recently the identification of distinct targeting 
motifs of C-terminally anchored proteins for the ER [10] and 
mitochondria [11,12] has lent force to the notion that targeting is 
specific. 

The targeting of mitochondrial matrix-targeted proteins has 
been well studied. Most of these proteins are nuclear-encoded, 
translated and transferred from the cytosol and imported into 
mitochondria by a post-translational mechanism [13] The tar- 
geting of these proteins to mitochondria involves both mito- 
chondrial membrane components and cytosolic factors [14]. 
About nine components of the mitochondrial import machinery 
have been identified 1n the mitochondrial outer membrane [14]. 
Cytosolic chaperone proteins, including mitochondrial import 
stimulation factor (MSF) and Hsp70 can interact with, and 
stimulate the import of, proteins destined for mitochondrial 
matrix [15,16] It 1s unclear at present whether proteins targeted 
to the mitochondrial outer membrane by C-terminal signal/ 
anchors utilize this same machinery, although there are some 
suggestions that at least some of the same components are 
employed [9]. The targeting signal for matrix-directed proteins is 
a cleavable N-terminal, amphipathic helix. This N-terminal 
targeting signal 18 not present in the C-terminally anchored 
proteins. Instead; the targeting signal is included in the membrane 
anchor itself. Mutagenesis studies suggest that this signal consists 
of a relatively short stretch of hydrophobic amino acids (less 
than 21), which is flanked at both ends by positively charged 
residues [11]. 

The mechanism of targeting C-terminally anchored protein to 
the outer membrane remains unclear. Based on several obser- 
vations, a multi-step model for this mechanism has been proposed 
[9]. In this model the protein to be targeted associates with 
cytosolic chaperones during or shortly after translation. The 
chaperone-bound protein is then transferred to a hypothetical 
receptor protein on the mitochondrial surface. Finally, the re- 
ceptor-bound protein is passed to an insertion complex that 
accomplishes integration of the protein into the bilayer. Here we 
focus on three major issues. First, we explore the specificity of 
targeting by testing for a saturable component of the targeting 
apparatus that 1s specific for the known targeting signal. The 
second issue is whether cytosolic chaperone proteins carry 
targeting information As noted above, chaperones have been 
implicated in the delivery of matrix-directed proteins by pre- 
serving a conformation in the targeted protein, but the chaperones 
themselves do not contain targeting information. For C-terminal 
signal/anchor proteins the situation 15 somewhat different, as the 
targeting signal is hydrophobic, and a chaperone may conceivably 
have signalling function. This would be ın analogy to the signal- 
recognition particle (SRP), which recognizes a hydrophobic 
signal peptide in targeting to the ER In the case of SRP, which 
can loosely be considered a chaperone, the targeting receptor in 
the ER recognizes the SRP—signal-peptide complex, and therefore 
SRP is part of the recognition signal [17]. We wished to determine 
whether an SRP-like mechanism might be involved in targeting 
of C-terminally anchored proteins. A third issue 1s the re- 
quirement for ATP 1n protein import. Previous studies of C- 
terminal anchored protein targeting to mitochondria have 
demonstrated a requirement for ATP [9,18]. However, the import 
step that requires ATP has not been defined ATP may well be 
required for the transfer of targeted proteins from chaperones to 
the mitochondrial receptor(s). The requirement for ATP 1n this 
manner for matrix-directed proteins has previously been 1denti- 
fied [19—21]. However, it has also been suggested that ATP has a 
post-receptor role, perhaps in the insertion step of transport [9]. 
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A direct test of the role of ATP in the import process is therefore 
called for. 

To answer these questions an m vitro approach is the most 
direct and compelling avenue. A methodological problem with 
this approach 1s the demonstration of specificity. Isolated mito- 
chondria are incubated with in vitro-translated protein and the 
association of the translated protein with mitochondria 1s taken 
to represent targeting. It is especially important to distinguish 
specific from non-specific targeting in such a system because 
some C-terminally anchored proteins are known to spon- 
taneously insert into membranes in vitro [4]. 

To address this issue we have utilized a novel pair of C- 
terminally anchored proteins, one of which 1s targeted to the 
ER/secretory pathway in cells, and the other of which 1s targeted 
to mitochondria. VAMP-1 was originally characterized as a 
SNARE protein involved in the regulated exocytosis of synaptic 
vesicles [22]. We recently identified a splice variant of VAMP-1, 
VAMP-1B, which differs by only five amino acids from the 
originally identified isoform, named VAMP-1A [11]. The se- 
quence difference includes the truncation of the C-terminal 
hydrophobic anchor by four amino acids, and the addition of 
three charged amino acids at the extreme C-terminus. This small 
sequence change redirects VAMP-1B to the mitochondrial outer 
membrane rather than the ER. Here we use this pair to 
demonstrate that targeting of C-terminally anchored proteins 
to mitochondria in vitro 1s specific, involves a saturable process 
(presumably the targeting receptor), and that although chaperone 
proteins appear to assist transport and to confer ATP dependence 
to the process, the targeting apparatus recognizes the targeted 
protein directly rather than recognizing a chaperone-protein 
complex. 


MATERIALS AND METHODS 
General procedures 


DNA manipulations were performed following standard pro- 
tocols [23] and all plasmids were propagated in Escherichia coh 
strain DH5a except where indicated. SDS/PAGE was performed 
by standard procedures [24]. Western blots were performed using 
1:10000 dilution of rabbit anti-cpn,, (chaperonin heat-shock 
protein 60) antibody (a gift from Dr Nick Hoogenraad, La 
Trobe University, Melbourne, Australia) and 1:2000 dilution of 
horseradish peroxidase-conjugated secondary antibody (Amrad 
Biotech, Melbourne, Australia) An ER-specific protein maker, 
the 78-kDa glucose-regulated protein (GRP,,), was detected 
using 2 ug/ml goat anti-GRP,, antibody and 1:2000 dilution of 
horseradish peroxidase-conjugated rabbit anti-goat antibody 
(Santa Cruz Biotechnology, Santa Cruz, CA, U S.A.). Radio- 
activity analysis was performed using a PhosphorImager and 
ImageQuant software (Molecular Dynamics, Sunnyvale, CA, 
U.S A.). The treatment of reactions with apyrase, hexokinase 
and trypsin (Sigma, St. Louis, MO, U.S.A.) was as described in 
the Figure legends 


Plasmid constructions 


The coding sequences for VAMP-1A and VAMP-IB were 
amplified separately by PCR from either rat brain or human 
HUVEC (human umbilical vein endothelial cell) cDNA libraries 
{11]. The PCR products were cut with EcoRI and ligated into the 
pGEM-4Z vector. The coding sequences for the C-termini of 
VAMP-1A (amino acids 61-118) and VAMP-1B (amino acids 
61—116) were amplified by PCR using pGEM-4Z-VAMP-1A and 
pGEM-47-VAMP-IB as templates. The common upstream 
primer used for VAMP-1A and VAMP-1B was 5’-GATC- 


(d 


ү 


GGATCCTTGCAGGCAGGAGCATCACA-3', in which the 
restriction site for BamHI 1s underlined. The downstream primers 
used for VAMP-1A and VAMP-1B were 5'-GACTGAATTC 
TTTCAAGTAAAAAAGTAGATTAC-3 and 5'-GACTG- 
AATTCAATCAGTCCCGCCTTACAAT-3’, respectively, in 
which the EcoRI sites are underlined For protein expression, the 
PCR fragments were digested with BamHI and EcoRI and 
ligated into the BamHI/EcoRI site of pGEX-2TK. DNA 
sequencing was performed to confirm that the VAMP-1A and 
VAMP-1B tails were fused to glutathione S-transferase (GST) 
in-frame. 


Preparation of crude mitochondria, purified enriched mitochondria 
and mitochondrial outer-membrane vesicles 


All of the following procedures were performed at 4 °C. Crude 
mitochondria were isolated from rat liver by the following 
method. Briefly, Dark-Agouti rat livers were cut up, homogenized 
in buffer A [20 mM Hepes, pH 7 5, 220 mM mannitol, 70 mM 
sucrose, 1 mM EDTA, 0.595 BSA and 1 mM pefabloc (Boeh- 
ringer Mannheim Biochemica, Mannheim, Germany)], and cen- 
tnfuged in a Beckman JA-10 rotor at 3000 g to remove nuclear 
debns. The post-nuclear supernatant was centrifuged in a 
Beckman JA-10 rotor at 16000 g for 15 min, yielding a crude 
mitochondrial pellet and a post-mitochondrial supernatant The 
resulting crude mitochondrial pellet was resuspended with buffer 
B (buffer A minus 0.5% BSA) and washed three times by 
centrifugation in a Beckman JA-10 rotor at 16000 g for 15 min. 
The resulting fraction 1s termed ‘washed mitochondria’. For 
some experiments, these washed mitochondria were layered on a 
30 95 Percoll gradient 1n buffer B and centrifuged in a 55T1 rotor 
at 110000 g for 30 min. The resulting lower mitochondrial band 
(a light-brownish colour) was collected and precipitated by 
centrifugation in a JA-20 rotor at 9000 g for 10 min. Punfied 
enriched mitochondria were obtained after washing the above 
pellet twice with buffer B to remove Percoll To isolate mito- 
chondrial outer membrane vesicles, purified enriched mitochon- 
dria were swollen by stirring in 10 mM K,HPO,/KH,PO, buffer, 
pH 7.4, for 30 min. The outer membrane was separated from 
mitoplasts by five strokes with a motor-driven Teflon/glass 
homogenizer A post-mitoplast supernatant was obtained by 
centrifugation of the homogenate in a JA-20 rotor at 17500 g for 
10 min. Mitochondrial outer-membrane vesicles were precipi- 
tated by centrifugation of the post-mitoplast supernatant in a 
55Ti rotor at 250000 р for 1 h, resuspended in buffer B, aliquoted 
and stored at —80 ?C. The protein concentrations of the above 
organelles and membrane preparations were determined using 
the bicinchoninic acid reagent kit (Pierce, Rockford, IL, U.S.A.) 
using BSA as a standard 


In vitro transcription, transtation and mitochondrial Import 


VAMP-1A, VAMP-1B, Bcl-2 and pSU9,_,,-DHFR (the fusion 
protein between the matrix-targeting signal of F,-ATPase subunit 
9 and mouse dihydrofolate reductase) RNAs were synthesized by 
transcription im vitro (Promega, Madison, WI, U.S.A.) at 30 °C 
for 60min Translation of VAMP-1A and VAMP-1B was 
performed in either a nuclease-treated rabbit reticulocyte lysate 
system or a cell-free wheatgerm system (Promega), using [?*S]- 
methionine (ICN Pharmaceuticals, Irvine, CA, U.S.A.) as a 
radioactive label following the manufacturer’s instructions. 
Translation products were analysed by SDS/PAGE (15% gel) 
and quantification of the dried gel was performed by direct 
radioactive analysis using a PhosphorImager. All mitochondrial 
targeting was performed using washed mitochondria except 
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where indicated. Part (10-20%) of the translation reaction 
containing **S-labelled protein was incubated with 100 ug of 
intact rat liver mitochondria at 30 °C with import buffer (20 mM 
Hepes, pH 7.5, 250 mM sucrose, 5mM MgCl, 80mM KCI, 
10 mM sodium succinate and 1 mM dithiothreitol) for the times 
indicated 1n the Figure legends. The import reaction was layered 
on the top of a 220-ul 220 mM sucrose cushion in buffer B and 
mitochondria were recovered by centrifugation in a Biofuge 13 at 
13000 g for 10 min at 4°C. Alkaline extraction was performed 
by incubation of the mitochondrial pellet with freshly prepared 
0.1 M Na,CO,, pH 11.5, on ice for 30 min with periodic vor- 
texing. The membrane pellets were collected by centrifugation in 
an airfuge (Beckman Instruments, Carlsbad, CA, U.S.A.) at 
30 psi (207 kPa) for 10 min. The radioactive proteins were 
analysed by SDS/PAGE and quantified using a PhosphorImager. 
The relative insertion 1s represented as the percentage input (the 
ratio of mitochondrially 1ncorporated protein to input translation 
product). 


GST-fusion-protein preparation 


E. coli BL21/DE3 cells were transformed with pGEX-2TK 
encoding either GST or GST fused in-frame to amino acids 
61-118 of VAMP-1A (GST-VAMP-1A,, ,,,) and 61-116 of 
VAMP-1B (GST-VAMP-1B,, ,,,). A 2 litre culture in superbroth 
(50 ug/ml ampicillin) was seeded with 100 ml of an overnight 
culture and grown for 2-3 h at 30 °C. The cells were induced with 
1 mM isopropyl £-p-thiogalactoside once they reached an atten- 
uance of 1.0 (at 600 nm). After 5h, the cells were collected 
by centrifugation and resuspended in 10 ml of 50 mM Tris/ 
100 mM NaCl/5 mM EDTA/10 ug/ml leupeptin/luM apro- 
tinin/1 mM PMSF, pH 8.0. The cells were lysed by a probe 
sonicator (5 mm diameter) followed by the addition of Triton 
X-100 to 2% and dithiothreitol to 5 mM. The supernatant was 
collected by centrifugation of the lysate at 12100 е for 10 min at 
4 °C and then incubated with 2 ml of a 50 % slurry of glutathione- 
agarose beads (Pharmacia Biotech, Uppsala, Sweden) equi- 
librated with PBS buffer for 1.5 h at 4°C with agitation. The 
beads were loaded into a 10-ml chromatography column (Bio- 
Rad, Hercules, CA, U.S.A.) and washed five times with 10 ml of 
ice-cold PBS/1% Tnton X-100, once with PBS/1% Triton X- 
100/1 M NaCl, and once with PBS. The beads were resuspended 
with 1 ml of PBS/50% glycerol, aliquoted and frozen in liquid 
nitrogen. The purity of the preparation and the yield of GST, 
GST-VAMP-1A,, ,,, and GST-VAMP-IB,, ,,, on the beads 
were assessed by SDS/PAGE and Coomassie Brilliant Blue 
staining. The full-length GST-fusion proteins presented as a 
major band in the gel were quantified by comparison with BSA. 
For competition experiments, GST-fusion proteins were eluted 
from the beads by incubation with the same volume of glutathione 
elution buffer (10 mM reduced glutathione in 50 mM Tris/HCI, 
pH 8.0, and 7 M urea) at room temperature (22—25 °C) for 
10 min. The eluate was collected and pooled following three 
repeated elution and centrifugation steps, aliquoted and assessed 
by SDS/PAGE. 


GST-fusion-protein radtolabelling 


The glutathione-agarose beads bound with GST-fusion proteins 
were washed with 10 volumes of HMK. buffer (20 mM Tris, pH 
7.5/0.1 M NaCl/12mM MgCl,). The sedimented beads were 
incubated with 0.3 volumes of protein kinase reaction mixture 
(HMK. buffer, 0.3 units of bovine heart kinase (Sigma) and 
10 mCi/ml [y-"P]ATP) at 4°C for 30 min. Following the ad- 
dition of 10 volumes of stop solution (10 mM sodium phosphate, 
pH 8.0, 10 mM sodium pyrophosphate, 10 mM EDTA and 
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1 mg/ml BSA), the beads were sedimented by centrifugation and 
washed with 10 volumes of PBS buffer. Finally, the radiolabelled 
fusion proteins were eluted as described above and assessed by 
SDS/PAGE and PhosphorImager. 


Radiolabelled GST-fusion-protein targeting 


*3P-Labelled GST fusion proteins (final concentration 500 nM, 
quantified according to molecular mass) 1n elution buffer con- 
taining 7M urea were incubated with 100 ug of rat liver 
mitochondria at 30 ?C for 30 min. The final concentration of 
urea in the import reaction was 0.2 M. The recovery of the 
mitochondrial pellet, alkaline extraction and analysis and quanti- 
fication of imported signal were performed as described above. 


RESULTS 
Differential targeting of VAMP-1 isoforms Is reproduced in vitro 


We wished to determine whether ín vitro the mitochondrial 
outer-membrane-targeting system could distinguish between a 
C-terminally anchored protein that is targeted m vivo to mito- 





250 MT (ug) 


A B A B A B AB A B 


A B VAMP-1-Isoform 


ъё с ee 


f on 
l 2 3 4 S 6 7 8 9 10 1) 12 





Figure 1 VAMP-1B is specifically targeted to mitochondria /n vitro 


chondria (VAMP-1B [11]) and a splice isoform that is not 
mitochondrially targeted (VAMP-1A). As shown in Figure 1(A), 
VAMP-1B is identical in sequence with VAMP-1A from residues 
] to 113. However, their sequences diverge at the C-terminus, 
the predicted transmembrane segment. VAMP-1B has a shorter 
transmembrane segment by four amino acids compared with 
VAMP-1A, and ends with three charged amino acids. After 
incubation of reticulocyte lysate containing radiolabelled VAMP- 
1A and VAMP-1B with washed rat liver mitochondria, only 
VAMP-TB efficiently binds to mitochondria membranes (Figure 
1B, lanes Запа 4). The majority of the mitochondrially associated 
VAMP-1B is resistant to alkali extraction (Figure 1B, lanes 5 and 
6) Quantification, accomplished by comparison of the total 
amount of VAMP-1 protein added to the reaction (Input, lanes 
1 and 2) with the amount of protein imported to the mitochondria, 
indicated that VAMP-1B was imported with 15-fold higher 
efficiency than VAMP-1A. The recovery of an alkali-resistant 
form of VAMP-1B in the pelletable fraction depends on the 
presence of mitochondria (Figure IC, lanes 4 and 6), indicating 
that VAMP-1B is integrated into the mitochondrial membrane 
lipid bilayer, and is not simply aggregating The amount of 
VAMP-1B insertion increases with an increase in mitochondria 
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(А) Schems of VAMP-1 splice isoforms VAMP-1 protein contains two putative helical domains and a transmembrane domain (TM) МАМР-1В is identical with VAMP-1A except for a slightly shorter 
hydrophobic domain and charged residues in its C-terminus (B) /n vitro import of VAMP-1 isoforms to mitochondna S-Labelled VAMP-1A and VAMP-1B ware incubated with 100 ug of washed 
rat Iver mitochondna at 30 °C for 30 min Mitochondria were recovered and analysed by SDS/PAGE elther directly or after extracton in 01 М Na,CO,, pH 11.5 (+ alkali, АК), as described in 
the Materials and methods section The radioactivity of inserted VAMP-1 was quantrhed using a Phosphorimager The relative Insertion was calculated as the percentage of total radioactive protein 
added to each assay (Input) recovered with the mitochondrial pellet Input represents the amount of translation product in each import assay (C) Mitochondria аге not limiting for the specific 


targeting of VAMP-1B [ 


]Laballed VAMP-1A and VAMP-1B were incubated with Intact mitochondria (MT, 0-250 xg), at 30 °C for 30 min. Mitochondna were recovered and analysed after alkaline 


extraction For (B) and (C), lanes 1 and 2 represent 100% of the [S]protei added to each assay (D) Crude mutochondna (CMT, 100 до), punted ennched mitochondria (eMT, 25 ug) and 
mitochondrial outer-membrane vesicles (OM, 5 ug) were incubated with [SS]VAMP-1A and [°S]VAMP-18 at 30 °C for 30 min. Mitochondria and outer-membrane vesicles were pelleted by spinning 
in an airfuge at 30 psi (207 kPa) for 10 min After alkaline treatment mitochondrra and outer membranes were recovered and analysed Lanes 1 and 2 represent 50% of the ["S]proten added 


to each assay 
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Figure 2 


Insertion of VAMP-1B Into mitochondria and highly purifled mitochondria 


(A) Comparison of the purity of mitochondrial preparations by Western blot (20 æg of protein/lane) using ER-specifte marker (GRP44) and mrtochondrial matnx-protein marker (cons) Microsome 
fractions isolated from rat liver. post-mitochondnal supernatant (Post-MT S/N), crude mitochondna (MT), washed mitochondna and purified enriched. mitochondria were normalized by protein 
concentration, analysed by SDS/PAGE and probed with ant-cpn,, or ant-GRP,, antibody The intensity of the band detected by enhanced chemiluminescence was scanned and quantified by 
ImageQuant (B) Comparison of relative insertron of VAMP-1B into crude mitochondria and purtfied mitochondria. [S]VAMP-1A and ["S]VAMP-1B were incubated with 0, 5, 25 and 50 др of 
crude mitochondria (CMT) or purified ennched mitochondria (eMT) at 30 °C for 30 min The mitochondria were recovered and analysed after alkaline extraction as described in Figure 1 Lanes 


1 and 2 represent 50% of the [*9S]protein added to each assay 


concentration and reaches a plateau (about 20% of input) with 
100 ug of mitochondria per reaction (Figure 1C, lower panel) 
This level of efficiency of import is similar to that measured 
previously for C-terminally anchored proteins [18,25]. It is 
unclear why in this and other studies the efficiency of transport 
is not higher. However, this experiment demonstrates that levels 
of mitochondria are not limiting. VAMP-1A insertion was low at 
all levels of mitochondria added, illustrating that the differential 
targeting was preserved even with high concentrations of mito- 
chondna. Differential targeting was observed with gradient- 
purified mitochondria and outer-membrane vesicles as well as 
with the mitochondria derived from differential centrifugation 
used routinely. As shown in Figure 1(D), 25 ug of gradient- 
purified enriched mitochondria (lanes 5 and 6) and 5 ug of an 
outer-membrane preparation (lanes 7 and 8), prepared by a 
standard technique, exhibited similar activity for VAMP-1B 
insertion as 100 ug of crude mitochondria (lanes 3 and 4). The 
differential targeting was reproduced in both purified enriched 
mitochondria and outer-membrane vesicles. Quantification 
showed that the relative insertion of VAMP-1B into both punified 
ennched mitochondria and mitochondrial outer-membrane 
vesicles was 20%, whereas that of VAMP-1A was only 1% 
To confirm that the targeting of VAMP-1B observed in the 
import assay was not due to non-mitochondrial membranes 
contaminating our mitochondrial preparations the purity of 
membrane and organelle fractions was monitored using the ER 
marker GRP,, and the mitochondrial matrix protein cpn,, 
Washing and gradient purification reduced the level of ER 
contamination to low levels (Figure 2A, upper panel) while, as 
expected, maintaining levels of the mitochondrial marker. Com- 
pared with cpn,, protein (Figure 2A, lower panel), GRP,, was 
reduced about 5-fold in purified enriched mitochondria (Figure 
2A, compare lanes 4 in upper and lower panels). Whereas the ER 
contamination of the purified mitochondria was strongly re- 
duced, the amount of VAMP- 1B targeting was unaffected (Figure 
2B). This indicates that membrane targeting detected here is 


indeed to mitochondrial membranes and not to contaminating 
ER membranes. 


Characteristics of VAMP-1B targeting 


The driving force for insertion of VAMP-1B into mitochondrial 
outer membrane remains unknown. To test the dependence of 
VAMP-1B targeting on inner-membrane potential, we used 
carbonyl cyanide m-chlorophenylhydrazone (CCCP), an un- 
coupler of inner-membrane electrochemical potential S- 
Labelled VAMP-1 and pSU9,_,.-DHFR [26] were incubated 
with intact washed mitochondria in either the absence or presence 
of 45 uM CCCP. Matrix targeting is marked by the proteolytic 
maturation of the protein by the matrix signal peptidase. While 
the import of the matrix-targeted protein pSU, ,,-DHFR was 
abolished by treatment with CCCP (Figure 3A, lanes 6 and 9), 
insertion of VAMP-1B into the mitochondnal outer membrane 
was unaffected by CCCP (Figure 3A, lanes 5 and 8). This 
demonstrates that, as has been shown previously for other outer- 
membrane-targeted proteins [18,25], the import of VAMP-1B 
(Figure 3A, lower panel) into mitochondria was independent of 
the mitochondrial electrochemical potential. To examine the 
topology of the inserted VAMP-1B, a proteolysis experiment 
was performed Since the bulk of the protein 1s N-terminal to the 
membrane anchor, it is expected that if the protein is onented 
with the N-terminus towards the cytosol the protein will be 
largely protease-sensitive when inserted into intact mitochondria, 
whereas if the N-terminus is oriented towards the inter-membrane 
space the protein will be protected from proteolysis by the mito- 
chondrial outer membrane. After import, the bulk of the 
VAMP-1B protein was cleaved by exogenous trypsin (Figure ЗВ, 
lanes 4 and 6), indicating that VAMP-1B 1s anchored by the 
predicted transmembrane domain in the N,,,,-C,, orientation. 
To characterize broadly the steps involved in transport, we 
wished to compare the targeting of VAMP-1B with that of 
another well-characterized C-terminally anchored mitochondrial 
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Figure 3 VAMP-1B Insertion Into mitochondria Is Independent of membrane potential, the protein Is anchored in the outer membrane with its C-terminus 


and Insertion Is relatively temperature-nsensitive and гарк 


(A) CCCP inhibits pSUS, 4,-DHFR targeting but not VAMP-1B SS-Labelled VAMP-1A, VAMP-1B and pSU9, &,-DHFR were incubated with intact washed mrtochondna at 30 °C, in the absence 
(lanes 4—6) or presence (lanes 7—9) of 45 uM CCCP Mitochondria were recovered and analysed directly m, mature-size protein Lanes 1, 2 and 3 represent 50% of the [“S]protein added to 
each assay (B) VAMP-1B is anchored in the outer membrane After import, mitochondria were treated with 30 gg/ml trypsin on ке for 30 min in the presence or absence of excess 100 ug/ml 
soya bean trypsin inhibitor (+ post-trypsin) Mitochondria were recovered and analysed after alkaline extraction. Lanes 1 and 2 represent 50% of the [S]protein added to each assay (C) Effect 
of temperature on VAMP-1 import 9S-Labelled VAMP-1A, VAMP-1B and Всі-2 were incubated with intact washed mitochondna at either 4 or 30 °С Mitochondna were recovered and analysed 
after alkaline extraction (Alk, lanes 4—9) Lanes 1, 2 and 3 represent 25% of the [S]protein added to each assay (D) Time course of mitochondnal targeting at 4 °C *°S-Labelled VAMP-1A 
and VAMP-1B were incubated with intact washed mitochondria for 0, 1, 25, 5 and 15 min Mitochondna were recovered and analysed after alkaline extraction. The relative insertion was plotted 


as a function of tme Lanes 1 and 2 represent 100% of the [**Sprotein added to each assay 


protein, Bcl-2, and to determine the temperature dependency of 
the transport reaction. The recovery of the membrane-inserted 
alkali-resistant form of Bcl-2 was greater at 30 °C than at 4 °C 
(Figure 3C, lanes 6 and 9) but the insertion of VAMP-1B was 
only slightly increased at 30 °C when compared with 4 °C (Figure 
3C, lanes 5 and 8). About 20% of the input VAMP-1B and 30% 
of the input Bcl-2 were inserted into membrane at 30 °C (Figure 
3C, lower panel). In three additional experiments the efficiency of 
insertion of VAMP-1B and Bcl-2 was found to be similar to one 
another (results not shown). These data illustrate that the import 
of VAMP-1B into mitochondria is similar in efficiency to Bcl-2 
but is less sensitive to temperature This difference in temperature 
dependence could be at any one of several steps in transport (see 
Discussion). 

The import of УАМР-ІВ at low temperature suggests that 
targeting is a high-affinity process To examine this more closely 
we measured the time course of targeting of VAMP-1B to 
mitochondria at 4°C “S-Labelled VAMP-1A and VAMP-1B 
were incubated with intact washed mitochondria at 4 ?C for 0, 1, 
2.5, 5 and 15 min. Mitochondria were recovered and analysed 
after alkali treatment Unlike VAMP-1A, theinsertion of VAMP- 
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1B into mitochondria increases with time (Figure 3D). The 
amount of insertion reaches a plateau at 5 min (Figure 3D, lower 
panel), indicating that the uptake of VAMP-1B to mitochondria 
18 rapid even at reduced temperature. 


VAMP-1B targeting into mitochondria Is saturable 


One characteristic of a receptor-mediated process is saturability 
To test whether VAMP-1B targeting requires a mitochondrial 
receptor, we produced constructs for bacterial expression en- 
coding the C-terminal half of VAMP-1A (residues 61—118) and 
VAMP-1B (residues 61—116) fused to the C-terminus of GST. 
The corresponding proteins were expressed in E. coli, and punfied 
by affinity chromatography on glutathione-agarose. These puri- 
fied, non-radioactive proteins were then added in mass amounts 
to transport assays to test for competition with the **S-labelled 
proteins produced by translation m vitro To prevent aggregation, 
the GST-fusion proteins were eluted in a buffer containing 7 M 
urea. When diluted into the assay mix the final urea concentration 
was 0.7 M. Control experiments indicated that this level of urea 
had no effect on targeting (results not shown), as had been shown 
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Figure 4 Inhibition of VAMP-1B insertion by purifled GST-fused VAMP-1B 


(А) In a senes of import experiments purified GST-VAMP-1B,; „в (V-1B) or GST-VAMP-1A, 4. 
(У-ТА, 0-3 uM) in 7 M urea were added to import mixtures containing 100 до of intact washed 
mitochondna and *S-labelled VAMP-1B For each expenment a no-peptide control, with just 
urea added, was included The final concentration of urea in all reaction mixtures was 0 7 M 
After 30 min of incubation at 30 °C, mitochondria were recovered and alkaline extracted 
Recovered “S-abslied VAMP-1B and -1A (not shown in A) was analysed by SDS/PAGE and 
Phosphorlmager analysis Imported VAMP-1 proteins were quantified and compared with the 
input to the Import reaction (not shown in A) as described in the Materrals and methods section 
(B) Quantrication of inhibition of GST-VAMP-1B,,_,4, (C) Quantification of inhibition of GST- 
VAMPA Aetna 


previously for transport of proteins to the mitochondrial matrıx 
[27]. The presence of GST-VAMP-1B,,_,,, strongly inhibited the 
targeting and insertion of VAMP-1B into the mitochondrial 
outer membrane (Figure 4A). Inhibition was close to 80% at 
3 uM GST-VAMP-1B,, ,,,, and was half-maximal at 1 uM. The 
corresponding protein derived from VAMP-1A had no significant 
effect on targeting and insertion at these levels (Figure 4B) These 
data demonstrate that VAMP-1B targeting to mitochondria 1s 
saturable and strongly 1mplicate the involvement of a protein 
receptor 1n this process. Consistent with this concept, we found 
that pre-treatment of mitochondria with trypsin to remove 
surface proteins significantly inhibited VAMP-1B targeting 
(results not shown). This protease-sensitivity result mirrors 
previous reports for Bcl-2 [28]. These results suggest that the 
mitochondrial targeting of VAMP-1B depends on a saturable 
surface receptor. 

Structural similarities between the VAMP-1B signal/anchor 
sequence and that of other C-terminally anchored outer-mem- 
brane proteins, such as Bcl-2, suggest that they may share a 
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Figure 5 Competition of targeting of outer-membrane and matrix proteins 
to mitochondria by purified VAMP-1 protein chimaeras 


VAMP-1B and Bck2 targeting into mitochondna is inhibited by GST-VAMP-1B,, „в SS- 
Labelled VAMP-1A, VAMP-1B, Bel-2 and pSU9,_..-DHFR were incubated with 100 xg of 
washed mitochondria at 30 °C for 30 min in the absence of eluted GST-fusion protein (lanas 
2), and in the presence of 3 uM GST-VAMP-TA,. .., (lanes 3) or 3 uM GST-VAMP-1B,. ia 
(lanes 4). The final concentration of urea in the import mixtures was 07 М Mitochondna were 
recovered after alkaline extraction and analysed as descnbed in Figure 1 Lane 1 for panels 
VAMP-1A, VAMP-1B and Bcl-2 represents 50% of the [“S]protein added to each assay and 
lane 1 for panel pSU9,_.,-DHFR represents 100% of the [*S]protein added to each assay 
The dots below the VAMP-1B and Bcl-2 sequences indicate identical amino acids, p, precursor, 
m, mature. 


common import pathway To test this directly the ability of 
GST-VAMP-1B to compete for the mitochondrial targeting 
of Bcl-2 was explored (Figure 5). In the presence of 3 4M GST- 
VAMP-1B,, ,,,, the insertion of both VAMP-1B and Вс]-2 were 
reduced by 65-75% (Figure 5, lanes 2-4). GST-VAMP-1A,, i, 
had only a marginal effect. We have therefore established 
that VAMP-1B and Bcl-2 share a common uptake pathway that 
recognizes the structural similarities between the VAMP-1B and 
Bcl-2 targeting signals, but rejects the closely related VAMP-1A 
signal. The ability of GST-VAMP-1B to compete for targeting of 
a matrix-directed protein, pSU9, ,,-DHFR, was also tested 

Neither GST-VAMP-1A,, ,,, nor GST-VAMP-]IB,, ,,, had a 
significant effect on the import of pSU9, ,,-DHFR, as judged by 
the proteolytic conversion of precursor pSU9, s DHFR into the 
mature form in the mitochondrial matrix. These results indicate 
that whereas VAMP-1B may share the same receptor as Всі-2, 
and presumably other C-terminally anchored proteins, matrix- 
targeted proteins use a different receptor system or, alternatively, 
that a different step in transport is rate-limiting. 
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Figure 6 VAMP-1B targeting from reticulocyte lysates requires ATP 


(A) Translation mixtures from reticulocyte lysate containing i vifro-iransiated VAMP-1A, VAMP-1B or Bel-2, without (lanes 4-6) and with (lanes 7-9) 5 units of apyrase pretreatment at 24 °C 
for 20 min, were then incubated with 100 шо of washed mitochondna for 30 min at 30 °C Mitochondria ware recovered following alkaline extracton Lanes 1 and 2 represent 50% of the [S]protein 
added to each assay (B) Import of C-terrmnally anchored proteins from wheatgerm extract translabons to mitochondria. *S-Labelled wheatgerm extract translated VAMP-1A, VAMP-1B and Bcl- 
2 were incubated with intact washed mitochondna (MT) at 30 °C for 30 min Mitochondna were recovered and analysed directly (lanes 4—6) or after alkaline extraction (lanes 7—9) The relative 
inserhon was calculated as a proporbon of Input Lanes 1, 2 and 3 represent 100% of the P°Sjprotein added to each assay 


ATP-dependence of outer-mitachondrial membrane targeting 


The involvement of ATP in VAMP-1B targeting was examined 
using apyrase to deplete ATP from the import reactions. When 
VAMP-1A, VAMP-1B and Bcl-2 were incubated with mito- 
chondria, the targeting of VAMP-1B was completely abolished 
by ATP depletion (Figure 6A, lanes 5 and 8) and the targeting of 
Bcl-2 was significantly reduced (Figure бА, lanes 6 and 9). 
Similar results were obtained when using hexokinase to deplete 
ATP (results not shown). These results are similar to those found 
previously for the ATP dependence of mitochondrial insertion of 
Bcl-2 [18]. 

Although the involvement of molecular chaperones in the 
import of C-terminally anchored proteins has not been demon- 
strated previously, molecular chaperones have been implicated 1n 
import of proteins to the mitochondrial matrix. Molecular 
chaperones require ATP for function, and the ATP dependence 
of import may therefore be due to the involvement of ATP- 
dependent chaperone proteins. An alternative role for ATP is in 
an ATP-dependent import or translocation event. These possibi- 
lities are explored below. 


Import of VAMP-1B translated in a cell-free wheatgerm extract to 
mitochondria 


Wheatgerm extract contains relatively few chaperones and 
does not contain the chaperone MSF that may have a specific 
interaction with proteins destined for import 1nto mitochondria 
[15,29]. Therefore, to test the dependence of VAMP- 1B targeting 
on MSF we measured the mitochondrial targeting of VAMP-1B 
translated in wheatgerm extract. VAMP-IB bound to mito- 
chondria, as judged by the signal before alkaline extraction, and 
inserted into mitochondrial membrane with about 20 % efficiency 
(Figure 6B, lane 5), as judged after alkaline treatment (Figure 6B, 
lane 8), similar to levels of insertion found when the protein was 
translated in reticulocyte lysate. No insertion of VAMP-1A 
was detected (Figure 6B, lanes 4 and 7). In contrast Bcl-2 was 
bound but not inserted into the membrane (Figure 6B, lanes 6 
and 9). Adding reticulocyte lysate to the wheatgerm extract 
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system did not increase import of УАМР-ІВ to mitochondria 
(results not shown). This indicates that wheatgerm extract 
contains sufficient levels of components required for VAMP-1B 
targeting and that MSF is not required for VAMP-1B targeting. 
Conversely, Bcl-2 insertion depends on a component of reticulo- 
cyte lysate not found in wheatgerm extract, possibly MSF. After 
depletion of ATP in the wheatgerm translation mixture with 
either apyrase or hexokinase, the import of VAMP-1B was 
reduced from 20% efficiency to 7%, but targeting was not 
completely abolished as it is 1n the reticulocyte lysate system 
(results not shown). This small, but significant, difference 1n the 
degree of ATP dependence between translation in wheatgerm 
and reticulocyte lysates suggests a relationship between the ATP 
dependence and cytosolic factors involved in the targeting 
process. 


Cytosolic factor(s) are not required for selective VAMP-1B 
targeting 


Are cytosolic chaperone proteins absolutely required for selective 
targeting of C-terminally anchored proteins? To test this we 
measured the import of VAMP-1A and VAMP-1B in the absence 
of any cytosolic proteins by utilizing the purified GST-fusion 
proteins GST-VAMP-1A,, ,,, and GSI-VAMP-1B,, ,,, The 
fusion proteins were purified and maintained in 7 M urea to 
prevent aggregation. After purification, these proteins, which 
were engineered with an N-terminal protein kinase А phos- 
phorylation site, were phosphorylated in vitro by incubation with 
protein kinase and [*PJATP. The *P-labelled proteins purified 
from E. coli extracts were diluted from the 7 M urea in which 
they were 1solated and 1ncubated in the absence or presence of 
intact mitochondria. [?P]GST-VAMP-1B,, ,,, efficiently tar- 
geted to and integrated into mitochondria whereas the cor- 
responding VAMP-1A construct only slightly associated with 
mitochondria (Figure 7A, lanes 8 and 9). During GST-fusion- 
protein purification, both VAMP-1A and VAMP-1B were par- 
tially degraded (shown in Figure 7, lanes 2 and 3, lower bands). 
However, only the full-length VAMP-1B fusion protein was 
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Figure 7 The VAMP-1B C-terminus mediates selective targeting to mitochondria In the absence of cytosolic proteins in an ATP-indapendent fashion 


(A) Targeting of P-labeled GST-fused VAMP-1 tails to mitochondria. Bacterially expressed GST-fuston proteins were purthed and radiolabelled with [ЭР]АТР by phosphorylation on beads and 
eluted with 10 mM reduced glutathione elution buffer containing 7 M urea Radiolabelled GST (lanes 4 and 7), GST-VAMP-1A,, .,, (lanes 5 and 8) and GST-VAMP-1B,, ,., (lanes 6 and 9) in 
7 M urea were incubated without (lanes 4—6) or with (lanes 7—9) washed mitochondna (MT) for 30 min at 30 °C. The final concentration of urea in the import mixture was 02 М Mitochondna 
were recovered after alkaline extraction, and import efficiency was calculated as a proportion of input Lanes 1, 2 and 3 represent 40% of the [*S]proteln added to each assay (B) Mito- 
chondrral uptake of the GST-VAMP-1Bg,_,,, does not require ATP Radtolabelled GST (lanes 4 and 7), GST-VAMP-1A«, „зв (lanes 5 and 8) and GST-VAMP-1B,, ,,, (lanes 6 and 9) were treated 
without (lanes 4—6) or with (lanes 7—9) 5 units of apyrase at 24 °C for 20 min before performing import Mitochondria were recovered after alkaline extraction and analysed as described above 


Lanes 1, 2 and 3 represent 10% of the [“Siprotein added to each assay 


substantially inserted into the membrane. Not surprisingly, GST 
alone was not incorporated into the mitochondrial membrane. 
The selective targeting of chaperone-free VAMP-1B conclusively 
demonstrates that chaperones do not have a direct role in the 
targeting process. It does not rule out, however, that chaperones 
may assist the process in vivo, or in vitro in the absence of urea, 
by maintaining proteins in a transport-competent conformation. 
Because this system lacks any lysate-derived cytosolic proteins, it 
was possible to test whether the ATP dependence of import 
measured previously with in vitro-translated proteins was due to 
the involvement of cytosolic components. The treatment of 
eluted **P-labelled fusion proteins with apyrase and inclusion 
of apyrase in the import reaction did not diminish the import of 
[*?P]GST-VAMP-1B,, ,,, to mitochondna (Figure 7B, lanes 6 
and 9). Similar results were obtained with hexokinase treatment 
(results not shown). These experiments establish two important 
aspects of the targeting process. First, cytosolic proteins are not 
absolutely required, so all the information required for targeting 
must reside in the targeted protein itself interacting with the 
mitochondrial receptor. Secondly, the import process is funda- 
mentally ATP-independent. However, when cytosolic proteins 
assist the process an ATP requirement is imposed on the system 


DISCUSSION 


The specificity of targeting of C-terminally anchored proteins to 
mitochondria 


Current evidence indicates that the mitochondrial outer mem- 
brane and the ER are the only two sites in the cell competent for 
insertion of C-terminally anchored proteins. Here we have shown 
that whereas VAMP-1B is imported into the mitochondrial outer 
membrane efficiently, VAMP-1A is not. These experiments 
demonstrate that, in vitro, mitochondria could distinguish be- 
tween two closely related proteins on the basis of the amino acid 
sequence in the C-terminal membrane anchor, mirroring results 


seen in intact celis [11]. The signal/anchor sequence of VAMP- 
1B closely matches in overall structure that of several other tail- 
anchored proteins of the mitochondrial outer membrane These 
proteins all contain hydrophobic membrane-anchoring segments 
of around 17 residues, flanked by positively charged amino acids. 
Furthermore, mutagenesis of this region of VAMP-1B has 
identified these sequence characteristics as being crucial for 
a functional targeting signal. VAMP-1A and -1B are therefore a 
useful pair of proteins to establish the specificity of targeting to 
the outer membrane. This specificity is difficult to reconcile with 
a spontaneous insertion mechanism, given the small difference in 
sequence between VAMP-1A and -1B To directly confirm that 
the targeting of C-terminally anchored proteins to mitochondria 
is specific, we demonstrate that the import pathway is saturable, 
but only by the VAMP-1B and not the VAMP-1A targeting 
sequence. As expected, the VAMP-1B targeting sequence also 
competes for uptake of Bcl-2, demonstrating that the mechanism 
being tested is general for C-terminally anchored proteins. 
Like two other outer-membrane proteins, Bcl-2 [18] and the 
hybrid protein pOMD29-DHFR [30], VAMP-1B insertion is 
independent of membrane potential, indicating that the transport 
event 15 driven only by events in the outer membrane. The 
targeting of VAMP-1B is rapid and relatively temperature- 
insensitive. This 15 consistent with a transport mechanism that 
proceeds with high affinity and very high energy efficiency, much 
as has been observed for the targeting of the matrix proteins 
[26,31]. The difference in temperature dependence between 
VAMP-1B and Bcl-2 could conceivably be at the recognition step 
at the membrane surface or п a subsequent membrane-insertion 
step. We believe it 1s most likely that this difference reflects a 
distinction in how these proteins interact with cytosolic 
chaperones. As illustrated in Figure 6, VAMP-1B is transported 
efficiently when translated in wheatgerm lysates, whereas Bcl-2 is 
not. This is most probably because of a difference in chaperone 
interactions. Similarly the most temperature-sensitive step in 
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transport could involve the ATP-dependent transfer of these 
proteins from chaperones to the mutochondrial receptor. 
The difference in temperature dependence may therefore reflect a 
difference in the strength of interaction of VAMP-1B and Bcl-2 
with chaperones, or a difference in the spectrum of chaperones 
that are bound by these proteins ın lysates. 


Evidence for a specific targeting receptor for C-terminally 
anchored membrane proteins 


The specificity and saturability of C-terminally anchored protein 
targeting is strongly suggestive of the involvement of a targeting 
receptor. Limited proteolytic digestion of the mitochondrial 
surface inhibits targeting of Bcl-2 to mitochondria [9,18], con- 
sistent with our evidence for a saturable, protein-mediated uptake 
mechanism. Is the receptor one of the receptor complexes 
identified previously for import of matrx-targeted proteins? 
Antibodies to one component, Tom20 (translocase of the outer 
membrane of mitochondria of 20 kDa), have been reported to 
reduce, but not eliminate, targeting of Bcl-2 to mitochondria [9]. 
However, 1t bas not been shown conclusively that Tom20 is itself 
the relevant receptor, or whether other components, such as an 
insertion pore, are required for targeting and/or insertion. 
Resolution of this question will likely require a more definitive 
biochemical approach. The ability to achieve import in a fully 
reconstituted system [32] coupled with our greater understanding 
of the structure of the targeting sequence for both mitochondria 
and the ER holds great promise ın this regard. 


The role of chaperone proteins and ATP 


It has been shown that cytosolic chaperones bind to matrix- 
destined preproteins post-translationally and prevent them from 
misfolding or aggregating, and preserve their import competence 
[14]. For matrix-directed proteins the chaperones are not thought 
to impart targeting 1nformation themselves. However this ques- 
tion has remained open for tail-anchored proteins. We therefore 
asked whether a cytosolic factor 1s required for selective delivery 
of VAMP-1B to mitochondria. Given the hydrophobic nature of 
the C-terminal anchor/signal sequence it is not surprising that 
chaperones might be involved in preventing aggregation. But 
do chaperones have a role in the selectivity of targeting? The 
classical route of protein import into the ER provides an 
interesting paradigm for hydrophobic targeting sequences In 
this system, soluble cytosolic SRP binds to a hydrophobic 
targeting signal peptide of the preprotein co-transiationally, 
blocking translation, and transfers the translation apparatus to 
the ER by binding to the SRP receptor in the ER membrane [17]. 
In this case the targeting function 1s not provided directly by the 
signal peptide but indirectly by its interaction with SRP, which 
only targets to its receptor when bound to a signal peptide. To 
address the function of chaperones in specific mitochondrial 
targeting, it was essential to see whether mitochondrial import 
could be recreated in the absence of chaperones. 

To accomplish this, transport of purified VAMP chimaeras, 
instead of VAMPs derived from in vitro translation, was tested. 
The chaperone-free VAMP-1B chimaera was indeed targeted 
efficiently to mitochondria. This demonstrates for the first time 
that targeting specificity does not reside in the interaction between 
the mitochondrial receptor and a chaperone, or chaperone- 
protein complex, but directly in an interaction. with the 
targeted protein itself (Figure 7). It should be noted that these 
chimaeras were diluted from concentrated urea solutions to 
prevent aggregation of the hydrophobic membrane anchor It 
seems likely that in the cell chaperones would function to prevent 
this type of aggregation, but these studies demonstrate that they 
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do not have a direct role in specific targeting. The observation 
that ATP is required in the presence, but not the absence of 
cytosolic factors 1s most readily explained by a requirement for 
ATP in chaperone action. ATP is required for chaperones to 
release bound substrates and it is likely in this case that the 
release of the targeted protein from chaperones to the mito- 
chondrial targeting receptor is the ATP-dependent step of 
transport. However, the participation of chaperones is only 
suggested indirectly by the present study. Which chaperones are 
involved and how they allow recognition of the targeting sequence 
by the mitochondraal receptor will require further investigation. 
The ATP-independent targeting of the chaperone-free VAMP- 
1B chimaera to mitochondria indicates that the interaction of the 
targeted protein with the mitochondrial outer membrane gener- 
ates the driving force for translocation. The implication is that 
there 1s a gradient of affinity of the hydrophobic signal anchor 
sequence of tail-anchored proteins going from the targeting 
receptor to the insertion pore (if it 1s indeed involved) to the 
bilayer of the outer membrane. This gradient of affinity gives nse 
to an insertion mechanism that is independent of a chemical 
energy source. 

Once the targeting receptor has been identified it will be of 
great interest to determine how the requirement to bind 
the signal/anchor sequence with adequate affinity to target the 
sequence from cytosol to mitochondria is balanced with the need 
to spontaneously release the same sequence to the insertion 
apparatus. The finding of mitochondrial targeting of [**P]GST- 
VAMP-1B,, ,,,also demonstrates that the VAMP-1B C-terminus 
(55 amino acids) contains sufficient information for selective 
targeting (including recognition by mitochondrial receptors 
and translocation into the membrane). Indeed we find that 
the sequence requirement for VAMP-1B-specific mitochondrial 
targeting resides solely in the transmembrane anchor sequence 
(L. Lan, S. Isenmann, O. Mckenzie and B. №. Wattenberg, 
unpublished work). 

The data presented here demonstrate that mitochondrial 
surface proteins function as an apparatus for selective and direct 
interaction and translocation of tail-anchored proteins to mito- 
chondria. Chaperones appear to assist but are not essential for 
selective targeting. Moreover, the insertion of C-termunally 
anchored proteins into the membrane does not require ATP. 
Further studies are ongoing to identify the components that 
recognize C-terminal mitochondrial targeting signals and insert 
them into the outer-mitochondrial membrane. 
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pH-dependence of the fast step of maltose hydrolysis catalysed by 
glucoamylase G1 from Aspergillus niger 


Ulla CHRISTENSEN! 
Kemisk Laboratorium IV, Universitetsparken 5, DK-2100 Copenhagen, Denmark 


The presteady-state kinetic parameters of the interaction of wild- 
type glucoamylase from Aspergillus niger (EC 3.2.1.3) with 
maltose were obtained and analysed in the pH range 3-7 
with intervals of 0.25 pH units. In all cases the following three- 
step reaction scheme was found to apply. 


K, kr Eat 
E+S>E5S,= ES, 9 E+P 


k-s 


The general result of the analysis of the presteady-state kinetics 
is that glucoamylase G1 is affected by the protonation states of 
three groups, with pX, values of 2.7, 4.5 and 5.7 in the free 
enzyme and of 2.7, 4.75 and 6.5 in the first enzyme~substrate 
complex. The protonation of the group in the enzyme- 
substrate complex with a pK, 6.5 had no effect on k, (1640 s?) or 
k , (20-48), but resulted in a stronger enzyme-substrate 
interaction, due to a decrease of K, from 40 to 6.3 mM. In other 


words, when the substrate 1s bound, the pK, of the acid group 
changes to increase the fraction of reactive enzyme. Since this 
pK, parallels that of the Michaelis complex, known from the pH- 
dependence of К, the group in question is most probably the 
catalytic acid Glu-179. Protonation of Glu-179 thus is of no 
importance in the second step, clearly indicating that this step 
represents a conformational change and not the actual hydrolysis 
step of the reaction. Protonation of the pK, = 4.75 group leads 
to a small decrease in k, to 1090 st, and also to minor changes 
in Кү. The group with pK, = 2.7 leads to a major decrease of k, 
of which the limit may be zero, but shows no effect on K,. Thus 
no difference is seen between the pK, values of the free enzyme 
and of the first enzyme-substrate complex at low pH. 


Key words: glucoamylase reaction mechanism, presteady-state 
kinetics. 





INTRODUCTION 


Glucoamylase (1,4-a-pD-glucan glucohydrolase, EC 3.2.1.3) is an 
inverting exoglycosidase, producing f/-p-glucose by hydrolysis of 
a-1,4-glucosidic bonds, and of a-1,6-bonds with much less 
efficiency, from the non-reducing end of starch and related oligo- 
and polysaccharides [1,2]. Glucoamylases from Aspergilli exist 
in two natural forms: G1 and G2. The G1 form from Aspergillus 
niger (Ala-1—Arg-616) consists of a catalytic and a starch-binding 
domain connected with a highly O-glycosylated linker region. 

The three-dimensional structure of the catalytic domain and 
part of the linker region of glucoamylase from A. awamori var. 
X100 is known [3-8]. The sequences of the glucoamylases from 
A. awamori var. X100 and A. niger show 95% amino acid 
identity and the catalytic sites of the two glucoamylases show no 
differences [8a]. 

The proposed and generally accepted mechanism of hydrolysis 
involves proton transfer to the glycosidic oxygen of the scissile 
bond from a general acid catalyst, formation of an oxocarbonium 
1on-like transition state and a nucleophilic attack of water 
assisted by a general base catalyst [9-12]. Glu-179 and Glu-400 
have been identified as, respectively, the general acid and the 
general base catalysts and the pH-dependencies of steady-state 
kinetic parameters are in accordance with a rate-determining 
hydrolysis involving these two catalytic residues [7,13—16]. 

We have undertaken presteady-state kinetic studies of the 
mechanism of the A. niger enzyme and mutants thereof [8a,17—19] 
and have found that analysis according to a three-step reaction 
mechanism (model 1, shown here) of substrate catalysis involving 
two intermediates showed excellent compatibility: 


K, ky k oat 
E+S—ES,= ES, > E+P 


Rs 


It has been shown that the presteady-state kinetic results [19] are 
not in accordance with the classical model [2,21,22] of gluco- 
amylase-catalysed reactions, which involves strong non-pro- 
ductive binding of substrates and intrinsic catalytic-constant 
values independent of the substrate length. 

Figure 1 shows a stereoview of the active site of glucoamylase 
with bound p-g/uco-dihydroacarbose. Mutations on the £-flank 
(as defined in Figure 1) primarily affect the second reaction step 
[8a]. We interpreted the step as a conformational change, where 
the substrate reaches the correct position for catalysis after the 
initial association, in which apparently the formation of hydrogen 
bonds to Arg-305 and to Glu-180 play important roles [8a]. This 
is also in accordance with a critical role of Glu-180 for the 
induction of a productive conformation of isomaltose [23]. 

We have seen further that mutations on the a-flank result 
primarily in almost total loss of catalytic turnover, = „> 0, and 
have interpreted this as the lack of correct position of Glu-179 
for catalysis in the second reaction step in these mutants. In 
contrast, it has been suggested that the fast second reaction step 
is the actual hydrolysis step and that the rate-determining step is 
a product-release step [24—26]. Clearly these conflicting con- 
clusions need to be resolved. We have therefore studied the pH- 
dependencies of the presteady-state kinetic parameters in order 
to determine first of all whether or not the second reaction step 
shows a pH-dependence corresponding to that expected for a 
hydrolysis step. 


EXPERIMENTAL 


Enzymes and substrates 


Glucoamylase G1 purified from the commercial preparation 
(AMG 200L) from Novo Nordisk A/S (Bagsvaerd, Denmark) 
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Figure 1 Stersoview of the active site of glucoamylasa from А. awamor! var X100 with bound o-g/vco-dihydroacarbose [8] 


The four rings of the substrate are marked a, b, c and d Hydrogen-bond Interactions less than 3 0 А are represented by dashed lines, that of Trp-52—Glu-179 (3 04 A [B]) therefore does not appear 
We define the a-flank of the active site as that on the nght side of the ligand and the #-flank as that on the left side in this representation Wat, water 


using affinity chromatography on acarbose-Sepharose, as de- 
scribed in [27], and separated from the G2 form by FPLC 
chromatography on High-Load Q-Sepharose, as described in 
[28], was a gift from Birte ‘Svensson, Carlsberg Laboratory, 
Copenhagen, Denmark. Protein concentrations were determined 
by amino acid analysis [29]. Maltose was from Merck 
(Darmstadt, Germany) Dp-Glucose oxidase kits for glucose 
determination were obtained from Sigma (St Louis, MO, 
U.S А.). 


Steady-state kinetics 


Initial rates of hydrolysis of the maltose were determined at 8 °C 
in 0.05 M phosphate buffers, pH 6-7, using seven substrate 
concentrations in the range 0.125x K,-8x K,. The final 
enzyme concentrations were 0.1-1 uM. Glucose released was 
determined by the glucose oxidase method using microtitre 
plates [16,30,31]. 


Stopped-flow fluorescence kinetics 


Changes of intrinsic protein fluorescence as a result of ligand 
binding to glucoamylase in the presteady-state phase of the 
reactions were observed as described previously [8a,17—19]. Series 
of experiments were performed using 10 concentrations of 
maltose in an appropriate range dependent on the pH at 8 °C in 
0.1 M sodium acetate buffers, pH 3—6.3 and 0.05 M phosphate 
buffers, pH 6-7, with 025-pH-unit intervals ın a Hi-Tech 
Scientific PQ/SF-53 spectrofluorimeter equipped with a high- 
intensity xenon arc lamp. The excitation wavelength was 280 nm, 
the slit width 5 mm The light emitted from the reaction mixture 
passed a cut-off emission filter (WG 320; 80% transmittance at 
320 nm). The final enzyme concentrations were in the range of 
1.0-1 2 uM. After rapid mixing of enzyme and substrate (less 
than 1 ms), the time course of the intrinsic fluorescence intensity 
(arbitrary units, V) was recorded. In total, 400 pairs of data were 
taken and data from 2-4 experiments were averaged. The 
averaged stopped-flow data were fitted to several non-linear 
analytic equations using the Hi-Tech HS-1 Data Pro software. In 
all cases the single-exponential expression (eqn. 1) resulted in the 
best fit to the stopped-flow trace. The traces were similar to those 
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obtained previously with the wild-type and mutants of A. niger 
glucoamylase [8а,17-—19]. 


AFS], = AFIS], œJ] — expC— Kop, х £)] (1) 


where k,,,, 15 the observed first-order rate constant and AFS], ^ 
is the relative fluorescence change observed at the actual substrate 
concentration, [S], and time, t. AF(S],oo) is the equilibrum 
change ın fluorescence at a time, г, where no (or only negligible) 
hydrolysis has yet occurred. In no case have changes of the 
fluorescence corresponding to the pre-equilibrium of the first 
step in the reaction been observed. The usual control experiments, 
where the sum of the initial measured fluorescence of an 
enzyme—buffer mixture and a substrate-buffer mixture is com- 
pared with that obtained at zero time from the fit to eqn. (1) of 
the enzyme-substrate mixture in question, always showed ident- 
ical values. According to model 1, when no initial change of 
fluorescence associated with ES, is observed, the fluorescence 
change is proportional to the concentration of ES, at any given 
time. Its final steady-state value at concentration [S] of the 
substrate, AF([S],oo), is a hyperbolic function of [S] with the limit 
value AF,,.([S],oo), which is the maximal relative fluorescence 
change at saturation with the substrate, and with characteristic 
half-saturation substrate concentration, К, [19]. The concen- 
tration-dependence of Koa in all cases corresponded with the 
reaction scheme model 1 and provided values of K,, k, and K , 
from eqn. (2): 


Rong = e, + K;/[S) + k (2) 


The k , values obtained were almost constant, 20:4 5. 


Data analysis 


The presteady-state and steady-state kinetic parameters were 
obtained from fits of the values of k,,,, AF([S],4) and initial rates 
as functions of the substrate concentration as described pre- 
viously [8a]. The pH-dependencies of the parameter values 
obtained were similarly analysed using the non-linear least- 
squares fitting software GraFit from Erithacus Software or 
ENZFITTER from Elsevier BIOSOFT to fit the appropriate 
equations given below. Double-logarithmic plots were not used 


(d 


RESULTS 


Two carboxylic groups, those of Glu-179 and Glu-400, have 
been assigned as general acid and general base catalysts, re- 
spectively, in the assumed rate-determining hydrolytic reaction 
step of glucoamylase-catalysed reactions. These are results based 
on pH-dependencies of steady-state kinetic parameters with pK, 
values of ~ 6 for Glu-179 and z 3 for Glu-400 [14—16], chemical- 
modification studies [13] and structural data [7]. Here the pH- 
dependencies of the presteady-state kinetic parameters of the 
reaction of glucoamylase G1 with maltose were determined. 

Figure 2 illustrates the presteady-state results obtained at pH 
7, with К. К, (eqn. 2) shown as a function of the maltose 
concentration. Similar saturation curves were obtained at all the 
pH values investigated. The resulting values of the parameters 
at pH 7 (0.1 uM [H*]) obtained from the fit to eqn. (2) were: 
K,(H*, , a) 33 mM and K,(H*, iu) 1640 s*. The K,(H*) value 
decreases in the pH range 7—4 and then becomes constant. At pH 
4-3 K,(H*, 11m) Was 3.8 mM, whereas the k,(H*) value was 
constant in the range pH 7-6, K,(H*, 1-1 „) = 1640 s?, and then 
decreased. 

Scheme 1 illustrates the presteady-state reaction (the formation 
of ES, of model 1); just one protonation of the enzyme is taken 
into consideration. For Scheme 1 the experimentally obtained 


800 


(k oss - K 2 ) (S pH 7.0 





0 10 20 30 
Concentration of Maltose (mM) 


Figure 2  Presteady-state kinetic results of the reaction of glucoamylass 
91 with maltose at pH 7 


King Ka IS shown as a function of maltose concentration The curve is that obtalned from 
fiting eqn (2) to the data with the resulting values of the parameters K, = 33 mM and & = 
1640 s? 
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E+S+Ht —————, ES4H* ————— 
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EH+S C&O ESH ———» 


Scheme 1 Reaction scheme Illustrating the presteady-state part of the 
glucoamylase mechanism taking Into consideration one protonization of an 
enzymic group 
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values of k, Œ>) and K,(H*) are functions of the Н? con- 
centration, as described in eqns (3) and (4) [32]: 


K,(H7) = К, в + (К, кн — k x)/ (1+ Kusu/H') | (3) 


which states that k,(H*) changes from the К, , level to the k, gn 
level and follows a saturation curve as H* increases from H* < 
Kom to H* > Keng К, „18 known, the difference [k,(H*)—k, al 
shows a simple saturation curve as a function of the H* 
concentration (eqn. 3) from which Kans may be determined. 
Similarly, 


КН?) x Кук T (К, кн е К, „)/(1 + Kan/H) (4) 


Since, further, a relation exists between the K values (eqn. 5), all 
the parameters that describe the reaction of Scheme 2 may be 
obtained from an analysis using eqns (3—5). 


Kin) Кън = K, an’ Ken (5) 


The k,(H*) values obtained here decrease with increasing H* 
concentration, the К, , value thus 15 larger than the К, wa value, 
and the positive difference [k, ,, — k,(H*)], the saturating value of 
which is the positive difference (А, 4 — Ks n) was analysed. Since 
K,(H*) is constant in the range pH 7—6, the value of k, „15 known 
to be 1640 s+. The result of the fit is shown in Figure 3. The fitted 
curve yielded: К, gn = 1090 s, Къ = 18.8 uM and pK, = 4.73 
Values obtained at a pH lower than 4.25 did not fit this curve, 
indicating that a second protonation occurs at pH less than 4. 
Fitting of eqn. (3) using the value 1090 s as К, x of this second 
protonation resulted in a second Ky, of 2.2 mM, with pK, = 
2.7 and a final k, gy value ~ 0, as illustrated in Figure 4. These 
last values are rather poorly determined with standard errors z 
30%, and would have been obtained with greater confidence had 
the enzyme been stable at a pH lower than 2.75, where it tended 
to aggregate after 10—15 min. 

K,(H*) immediately decreases with increasing [H*] from pH 7, 
thus a К, , value is not known, and the three parameters, К, ,, 
К, zu and Кък, were determined directly from fitting eqn. (4) to 
the data (Figure 5) in the pH range 7—5.5. The fitted curve 
yielded: K,,=40mM, К, ьн = 6.3 М and K,,, = 0.3 uM, 
with pK, = 6.5, and thus (eqn. 5) Ку = 1.9 uM (pK, = 5.7). 
Data in the pH range 2.75—5.25 did not fit this curve, indicating 
an influence of the group with pK, 4.73 known from the analysis 
of the K,(H*) results. Using the known final K,,, value 
(3.8 mM) of this second protonation reaction the two parameters 
К, gn and K,,,, were obtained from a fit of eqn. (4) to the K,(H*) 
results obtained in the pH range 5—3 (Figure 6). This yielded 
Ку gg = 6.4 mM and Кєк = 16.5 uM (pK, = 4.78), each in good 
agreement with the result obtained from Figure 5 (К, gn = 
6.3 mM) and Figure 3 (Ksg = 18.8 yM) respectively. Scheme 2 
summarizes the results obtained. Three protonation reactions 
influence the presteady-state kinetics of glucoamylase-catalysed 
hydrolysis of maltose in the pH range 7—3. First protonization of 
an enzymic group with pK, = 5.7 in the free enzyme and pK, = 
6.5 in the first enzyme-substrate complex makes the K, value 
decrease from 40 to 6.3 mM, but has no influence on k,. The 
second reaction is equally fast, k, = 1640 s4, of the protonated 
ESH and the unprotonated ES. There next appears a pH effect, 
slightly decreasing both K, and k,, with a pK, value of 4.5 for the 
free enzyme and of 4.75 for the enzyme-substrate complex. 

Finally, the k, value decreases and apparent H* saturation of 
this enzymic group with a pK, of 2.7 leads to an apparent final 
value of k, = 0, whereas this process shows no influence on the 
K, value. 
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K,7 40 mM Е, = 1640 5! 
РН> 6.5: 3Ht+E+S == Е +3Н © Inactive Michaelis complex, 
по steady state rate, 
Е. apparently zero. 
рК = 5.7 рК = 6.5 
K,;= 6.3 mM = 1640 g? 
pH 4.75- 6: EH +S === ЕЅН + н" 22180 5 Reactive Michaelis 
t2H* complex 
рК = 4.5 рК = 4.75 
pH 2.7- 4.75: ЕН,+5 c EHS + Н-429 Reactive Michaelis 
+ Ht complex 
pK =2.7 pK =2.7 
Ку 3.8 mM Е, +> 
pH < 2.7: EH, +5 ————— 38 No Michaelis complex ? 


Scheme 2 Reaction scheme showing the pH-dependence of two of the three reaction steps af glucoamylase G1-catalysed hydrolysis of maltose 


The dominating reaction(s) at a gwen pH ts indicated. Á. A, 
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Figure 3 [H*]-Dependence in the pH range 7—4.25 of the presteady-state 
kinetic parameter k,(H*) of glucoamylase @1-catalysed hydrolysis of maltose 


As expected from eqn (3), the difference [1640 — &,(H*)] (in s?) follows a saturation curve 
when plotted against the concentration of [H+]. The curve is that obtained from fitting egn (3) 
to the data with the resulting values of the parameters k, m = 1090 s* and Кы = 188 mM 


DISCUSSION 


The generally accepted mechanism of hydrolysis catalysed by 
glucoamylases involves proton transfer to the glycosidic oxygen 
of the scissile bond from a general acid catalyst, formation of an 
oxocarbenium ion-like transition state and a nucleophilic attack 
of water assisted by a general base catalyst [9-12]. The catalysis 
occurs with inversion of the anomeric configuration in a single 
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1090 - k(H*) (s!) 
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[H*] (mM) (pH 3.74 -2.75) 


Figure 4 [H*]-Dependance In the pH range 3.74—2.75 of the presteady- 
state kinetic parameter &K,(H*) 


In this range a second protoniation ts observed The curve shown results from fitting of eqn 
(3) using the final value of the first protonization 1090 5' as kę 


displacement mechanism and the distance between the catalytic 
acids is 9.2 A, as is typical for inverting glycoside hydrolases 
[11,33]. Studies on mutant glucoamylases have shown further a 
number of other acid residues that affect the glucoamylase- 
catalysed reactions. Thus mutation of Asp-55 [34,35] and Glu- 
180 [19,23,36], respectively, show marked effects on the catalytic 
rate and on the substrate binding. 
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Figure Б [H*]-Dependence In the pH range 7--5.25 of the presteady-state 
kinetic parameter К.(Н?) of glucoamylase G1-catalysed hydrolysis of maitose 


The curve shown results from fitting of eqn (4) to the data 
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Figure 6 [H*]-Dependence in the pH range 5-3.8 of the presteady-state 
kinetic parameter K,(H*) of glucoamylase Q1-catalysad hydrolysis of maltose 


The curve shown resuits from fitting of eqn (4) to the data 


Here the pH-dependencies of the first and second steps of 
glucoamylase Gl-catalysed hydrolysis of maltose have been 
investigated. The presteady-state kinetic parameters obtained 
show the participation of three groups ionizing in the pH range 
7-2.5 (Scheme 2). The first one to be protonated when the 
H* concentration increases shows a pK, of 5.7 for the free 
enzyme, E, and a pK, of 6.5 for the enzyme-substrate complex, 
ES,. Since it is found that k, is not influenced, and that K , is 
approximately the same, the pK, value of this group 1s also a 6.5 
of the Michaelis complex, ES,, and is thus the one that shows its 
effect on k,,,. This is 1n excellent agreement with the steady-state 


' kinetic results, where a pK, value of 6.4 was obtained from the 


dependence of К, on Н+ at 8 °C (results not shown) The group 
with pK, я 6.5 is thus the one defined as the general acid catalyst 
of glucoamylase and identified as Glu-179. Protonation/ 
deprotonation of this group has no effect on the rate of the 
second reaction step of model 1; &, does not change. We are 
therefore able to conclude that a conformational change and not 
hydrolysis of the substrate is occurring 1n the second reaction 


pH-dependence of glucoamylase presteady-state kinetics 527 


step. The rate-determining step of glucoamylase-catalysed re- 
actions with the rate constant k,.,, which follows the second step 
and 1s dependent on a protonated form of Glu-179, must then be 
the hydrolysis step It is impossible that the hydrolysis step can 
be independent of the presence or absence of a protonated 
catalytic acid but totally govern the release of products, as has 
been claimed recently [24—26]. 

The other groups of pK, z 4.5 and ~ 2.75 found here to affect 
the presteady-state kinetics of glucoamylase are less easy to 
identify. Glu-400 immediately is a candidate at least for the 
group with pK, ж 2.75, whereas the observed effects are too 
small and relate to a weaker acid of the group of pK, ~ 4.5. In 
our previous studies of the presteady-state kinetics of gluco- 
amylase and mutants thereof [8a], the second step of the reaction, 
which, as can now be said with confidence, represents a confor- 
mational change resulting in the optimal enzyme-substrate 
configuration for hydrolysis, was shown to depend on side chains 
on the f-flank of the active site (Figure 1). Glu-180 plays ап 
important role here, the pattern of hydrogen bonds between Arg- 
305, Asp-309, Tyr-306 and Glu-180 is disturbed when Glu-180 is 
mutated to Gln [8a] and protonation of Glu-180 most probably 
would result 1n the same effect with marked reduction of k,. Asp- 
309 of course may be another candidate. Each of these may 
be the group with a pK, of 2.75 (Scheme 2), which strongly affects 
the rate of the second reaction step, but not K,. Protonation of 
this group actually seems to hinder the formation of the normal 
Michaelis complex to such an extent that this and not the 
protonation of the catalytic base would govern the decrease of 
the steady-state rates at very low pH, if the enzyme was stable 
bere. 

The presteady-state kinetic parameters are only slightly per- 
tubated by the group of pK, z 4.5, and this group does not affect 
the steady-state kinetics according to previous pH studies 
[1,13-16]. So this may be any acid group that is not of great 
importance, perhaps influencing the reaction slightly at a distance 
from the active site. Also, since the pX, value in itself makes it 
possible that the effects stem from the buffer, an acetate ion or an 
acetic acid molecule may interact with the enzyme and lead to 
small kinetic effects. 

A rate-determining hydrolysis step ıs supported in model 1: 


Ki ks X oat 
E+S=ES,= ES, > E+P 
ks 

The claim that product dissociation and not hydrolysis should be 
the rate-determining step governed by К, [25,26], seems highly 
unlikely in the light of the known pH-dependency of K e [1,14-16], 
the weak binding of the product glucose [2] and results 
showing the slower, but nevertheless fast, second reaction steps 
of a number of mutants [8a3,17-19]. The present study of the 
pH-dependence of the presteady-state kinetic parameters of 
the interaction of wild-type glucoamylase G1 and maltose has 
shown further that the k, value slightly 1ncreases in the range 
pH 5—7, and does not decrease with the pK, of the catalytic acid, 
as would be the case if this step was the actual hydrolysis step. 
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daf-16 is a forkhead-type transcription factor, functioning down- 
stream of insulin-like signals, and is known to be critical to the 
regulation of life span 1n Caenorhabditis elegans. Mammalian 
DAF-16 homologues include AFX, FKHR and FKHRLI, which 
contain a conserved forkhead domain and three putative 
phosphorylation sites for the Ser/Thr kinase Akt/protein kinase 
B (PKB), as well as for DAF-16. To assess the function of the 
homologues, we examined tissue distribution patterns of mRNAs 
for DAF-16 homologues in mice. In the embryos, expressions of 
AFX, FKHR and FKHRL1 mRNAs were complementary to 
each other and were highest in muscle, adipose tissue and 
embryonic liver. The characteristic expression pattern remained 
in the adult, except that signals of FKHRLI became evident in 
more tissues, including the brain. In order to clarify whether each 
DAF-16 homologue had different target genes, we determined 
the consensus sequences for the binding of DAF-16 and the 
mouse homologues. The binding sequences for all four proteins 


shared a core sequence; TTGTTTAC, daf-16 family protem- 
binding element (DBE) binding protein. However, electro- 
phoretic mobility shift assay showed that the binding affinity of 
DAF-16 homologues to the core sequence was stronger than that 
to the insulin-responsive element in the insulin-like growth factor 
binding protein-1 promoter region, which has been identified as 
a binding sequence for them. We identified one copy of the DBE 
upstream of the first exon of sod-3 by searching the genomic 
database of C. elegans. Taken together, DAF-16 homologues 
can fundamentally regulate the common target genes in insulin- 
responsive tissues and the specificity to target genes of each 
protein is partially determined by the differences in their ex- 
pression patterns. 


Key words: forkhead-type transcription factors (AFX, FKHR, 
FKHRL1) gene regulation, longevity, sod-3. 





INTRODUCTION 


It has been reported that the life span is genetically controlled [1]. 
The mechanisms of genetic control of aging have been examined 
in several models, such as Caenorhabditis elegans. Friedman and 
Johnson [2] found a mutant, age-1, with а 6095 extension of life 
span in a screening programme for long-lived mutants. Kenyon 
et al. [3] exploited a temperature-sensitive dauer mutant, daf-2, 
which caused constitutive entry into diapause, even under 
conditions of plentiful food. They found that, by moving daf-2 
mutant organisms to a non-permissive temperature, they lived, 
as L4 larvae, for more than twice the normal life span. Moreover, 
daf-2/age-1 double mutants lived no longer than daf-2 mutants, 
suggesting that the two genes operate in the same signalling 
pathway. Life span extension resulting from either age-/ or daf- 
2 mutations is prevented by loss of functional mutations in the 
daf-16 gene [3]. Therefore daf-16 function is a prerequisite for 
life-span extension through the daf-2 and age-1 related signalling 
pathway. Recent molecular cloning analysis revealed that daf-2, 
age-1 and daf-16 encode the homologue of the insulin receptor, 
phosphatidylinositol 3-kinase and forkhead-transcription factor 
respectively [4-7]. These results suggest that an insuhn-like 
signalling pathway controls life-span extension in C. elegans. 
More recently, Apfeld and Kenyon [8] revealed, by genetic 
mosaic analysis, that the daf-2 signalling pathway acts not as a 
cell-autonomous control system but as a systemic one. Thus, in 
mammals, DAF-16 homologues may control the transcription of 
certain intercellular signalling molecules, such as hormones, 


which are sent to systemic cells. The apparent similarity of the 
mammalian insulin-signalling pathway to that of the C. elegans 
daf-2/age-1/daf-16 pathway raises the possibility that the 
systemic aging control mechanism may be conserved in evolution. 
If so, mammalian homologues of daf-16 may regulate an aging- 
related molecule. 

In mammals, three members of the forkhead family of tran- 
scription factors, termed AFX, FKHR and FKHRLI, are most 
similar 1n amino-acid sequence to DAF-16 and represent the 
mammalian counterparts of daf-16. The human DAF-16 homo- 
logues were first identified at chromosomal breakpoints in human 
tumours [9-11]. Tbey were reported recently to be phosphoryl- 
ated by a Ser/Thr protein kinase, Akt/PK B, following insulin 
or insulin-like growth factor (IGF)-1 stimulation; and to bind 
the 1nsulin-responsive sequence (IRS) in the insulin-like growth 
factor binding protein-1 (IGFBP1) promoter (BP-1) [12-18]. The 
IRS-related sequences also exist 1n the promoter region of other 
genes which are known to be down-regulated by insulin, such as 
phosphoenolpyruvate carboxykinase [19]. However, it is not 
clear which of the DAF-16 homologues more effectively binds to 
the IRS or IRS-related sequences. Moreover, 1f all homologues 
effectively bind to the sequences, it remains to be determined 
whether all homologues regulate the same genes in vivo. 

To clarify these issues, we made two suppositions: (1) that 
temporally and spatially different expressions of DAF-16 homo- 
logues confer the differences in functions m vivo, and (2) that one 
of these homologues has higher affinities for some IRS or IRS- 
related sequences than the others. In the present study, to 


Abbreviations used IRS, insulin responsive sequence, DBE, daf-16 family protein-binding element, IGF, insulin-like growth factor, IGFBP1, insulin- 
like growth factor binding protein-1, BP-1, insulin-responsive sequence in the IGFBP-1 promoter region; EMSA, electrophoretic mobility shift assay, 


Trx, thioredoxin; IRE, insulin-responsive element 
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investigate the first possibility, we determined the tissue dis- 
tribution of the mRNAs for these homologues in embryonic and 
adult tissues. We then identified the binding sequences of the 
mouse DAF-16 homologues to test the latter. 


MATERIALS AND METHODS 
cDNA cloning 


cDNA clones for mouse DAF-16 homologues, AFX, FKHR 
and FKHRLI, were obtained by screening a mouse neonatal 
brain cDNA library (Stratagene) using a PCR fragment cor- 
responding to the region between two amino acid sequences 
(QTYEWM апа WT/STFRP), which is conserved among DAF- 
16 homologues, as a probe. Cloned cDNAs were edited, and a 
cDNA containing a full open reading frame for each homologue 
resulted. Nucleotide sequences were determined on an ABI 
Prism 377 sequencer using the Big dye sequence kit. 


Northern-blot analysis 


ICR mice were purchased from SLC (Hamamatsu, Japan). Total 
RNAs were purified from each tissue using Trizol reagent 
(Gibco BRL), and 20 ug of total RNA was electrophoresed and 
blotted on to Gene Screen Plus membranes (NEN). A 660- 
1604 bp fragment for AFX (database accession number 
AB032770), a 1107-2257 bp fragment for FKHR (database 
accession number AF114258) and a 811-2556 bp fragment for 
FKHRLI (database accession number AF114259), which locate 
in the 3’ region to the forkhead domain and have few similarities 
in their DNA sequences, were labelled with [a-**P]dCTP using a 
Megaprime labelling kit (Amersham) 18 S ribosomal RNA was 
used as an internal control. ExpressHyb solution (Clontech) 
was used under standard conditions of hybridization at 65 °C 
and the blot was washed at 65°C in 0.1xSSC (1xSSC = 
0.15 M NaCl, 0.015 M sodium citrate) containing 0.1% (w/v) 
SDS. The blot was exposed to an X-OMAT autoradiography 
film (Kodak) for 3—7 days at — 80 °C. 


In situ hybridization 


ICR mice were mated and the day when a vaginal plug was 
discovered was recorded as embryonic day zero. Embryonic day 
15.5 tissues or tissues of adult mice were frozen using solid CO,, 
stored at —80 °C, and 15 um-thick cryostat sections were pre- 
pared just before the гп situ hybridization procedure described 
previously [20]. The fragments used in the Northern-blot analysis 
were inserted into pBluescriptSK — and used as a template for 
RNA probes. Antisense or sense RNA probes were synthesized 
with [*SJUTP by ТЗ ог T7 RNA polymerases. Sections were 
dipped in emulsion NTB2 (Kodak) and exposed for 14—21 days. 
Sections were observed with OptiPhoto2 (Nikon). Sense probes 
showed no significant signals 


Bacterial expression 


The DNA fragment encoding the full sequence of the open 
reading frames of DAF-16, AFX, FKHR and FKHRLI was 
amplified with specific primers with appropriate restriction 
enzyme sites. The PCR products were digested with EcoRI and 
Xabl for AFX, BamHI and Xbal for FKHR апа BamHI 
and Xhol for FKHRLI, and were cloned between the corre- 
sponding sites in pCDN3.1-myc-His-B (Invitrogen). The frag- 
ments excised from the expression vector with BamHI and Agel 
were cloned between BamHI and Smal in the vector pET32a 
(Novagene), which is designed to produce thioredoxin (Trx)- 
fused proteins Cultures of Escherichia coli BL21 (DE3), harbour- 
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ing the respective plasmids, were induced with 0.1 mM isopropyl 
f-p-thiogalactoside and cultured for a further 3-5 h at 37 °С. 
The bacteria were collected by centrifugation and resuspended in 
ice-cold buffer. The suspension was sonicated five times at 50% 
power for 1 min each time. The lysed bacteria were cleared by 
centrifugation at 15000 g for 30 minat 4 °C. The plasmid proteins 
were purified using Talon beads (Clontech) using the manu- 
facturer's protocol. 


Electrophoretic mobility shift assay (EMSA) 


DNA-binding reactions were performed in binding buffer 
[20 mM Hepes (pH 7.9), 50 mM KCl, 2mM MgCl, 05mM 
EDTA, 10% (v/v) glycerol, 0.1 mg/ml BSA, 2 mM _ dithio- 
threitol] containing 50 ng/ml poly(dI-dC), a probe 5’-end 
labelled with [y-"*P]JATP and approx. 50ng of Trx-fusion 
proteins. After incubation for 15 min at 25 °С, the reaction 
products were separated by PAGE (4% polyacrylamide gel) in 
0.25 x TBE (22.5 mM Tris/borate, 0.5 mM EDTA) containing 
5% glycerol The gels were dried, exposed for 3—6 h to imaging 
plates and analysed on BAS2500 (Fuji Film). 


Selection of binding sites 


A 72-mer oligonucleotide in which the 32 central bases (N32) 
were completely degenerate, 5’--CGCTCGAGGGATCCGAAT- 
TC(N32)TCTAGAAAGCTTGTCGACGC-3’, was synthesized 
and purified with HPLC. A probe for use in the EMSA was 
generated using the 72-mer oligonucleotide as a template and 
primers 5-GCGTCGACAAGCTTTCTAGA-3' and 5'-GCGT- 
CGACAAGCTTCTAGA-3. Following binding to ~ 50 ng 
of each fusion protein, EMSA was performed and the location of 
the DNA-protein complexes within the gels was approximated, 
based on the mobility of complexes generated with the BP-1 
probe. The sequence of the BP-1 probe used was 5'-GAGTG- 
CTAGCAAGCAAAACAAACTTATTTTGAACACGGGG- 
ATCCAA-3'. Gel slices were homogenized and incubated in 
gel elution buffer (0.5 M ammonium acetate, 10 mM MgCl, 
1 mM EDTA and 0.1% SDS) at 37°C for 3h. Recovered 
oligonucleotides were extracted with phenol/chloroform, prec- 
ipitated with ethanol, reamplified and subjected to the next 
round of binding. Following completion of the fourth selec- 
tion-amplification cycles, PCR products were digested with 
EcoRI and Xbal and cloned between the corresponding sites in 
pBluescriptSK —. Between 21 and 25 inserts were sequenced for 
each DAF-16 homologue. 


Transfections and reporter assays 


The reporters described here were derived from the pGL3-basic 
firefly luciferase vector with a minimal TATA box (Promega). 
Reporters containing the DAF-16 family protein-binding element 
(DBE) or the ВР] sequences were generated by ligation of 
concatemerized oligonucleotides to Bg/ll-digested pGL3 or 
Bglli-Nhel-digested pGL3 respectively. They were designated 
p2xDBE-luc (with two copies of the DBE), p4xDBE-luc (with 
four copies of DBE), p6xDBE-luc (with six copies of the DBE) 
and pBPI-luc (with one copy of the ВРІ). The complementary 
oligonucleotides used for pDBE-luc constructions were 5’-GA- 
TCAAGTAAACAACTATGTAAACAA-3’ and 5'-GATCTT- 
GTTTACATAGTTGTTTACTT-3', whereas those used for 
pBP-1-luc construction were 5’-GAGTGCTAGCAAGCAAA- 
ACAAACTTATTTTGAACACGGGGATCCAA-3’ and 5- 
TTGGATCCCCGTGTTCAAAATAAGTTTGTTTTGCTT- 
GCTAGCACTC-3'. NIH3T3 cells grown in 24-well dishes were 
transfected with 200 ng of each reporter vector, 20 ng of pRL- 
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TK Renilla luciferase vector, as an internal control, and FKHR 
or LacZ expression vectors using LipofectAMINE plus 
reagents (GIBCO-BRL). For dose-response analysis, 10, 50, 
100, 150, 200 or 300 ng of FKHR expression vector were used. 
LacZ expression vector was included in samples to adjust the 
total expression vector transfected to 300 ng. FKHR (150 ng) or 
LacZ expression vectors were used for examining the effects of 
multiple copies of DBEs on transcriptional activity. At 24 h after 
transfection, 50 ng/ml IGF-1 (GIBCO-BRL) or 20 % (v/v) fetal- 
bovine serum (GIBCO-BRL) was added. Then, 24h later the 
relative luciferase activity was determined (the firefly luciferase 
activity divided by the Renilla luciferase activity) using the Dual 
Luciferase Reporter Assay System (Promega). Statistical sig- 
nificances were calculated using the Student’s ¢ test. 


RESULTS 


We first examined the tissue distribution of mRNAs for DAF-16 
homologues in the adult by Northern-blot analysis (Figure 1). A 
single band was detected at approx. 3.4 kb for AFX, approx 


AFX 
H B SpLuliSmK Вама T Ov 





Ы ite 

ET 

â ut ^ 

һен. 
ГАТ 





188 


FKHR 
Н B Splu LI $m K BaWa T Ov 


631 


6.1 kb for FKHR and approx. 7.5 kb for FKHRLI. AFX 
mRNA was expressed at a higher level in the heart and skeletal 
muscle and at a moderate level in brown and white adipose 
tissues. FKHR mRNA was expressed at a higher level in brown 
adipose tissue, white adipose tissue and spleen, and a little 
was detected in liver and skeletal muscle. FKHRLI mRNA was 
expressed at a higher level in heart, brain, spleen and kidney and 
at a moderate level in white adipose tissue and testis but, 
interestingly, little was detected in skeletal muscle and 
brown adipose tissue when compared with levels in heart 
and white adipose tissue. The expression of three genes were 
detected to a lesser extent ın the liver. 

The tissue distribution 1n the day 15.5 embryo was examined 
by in situ hybridization histochemistry (Figure 2). Interestingly, 
three members showed complementary distribution, and a high 
level of expression was detected in skeletal muscle for AFX 
(Figure 2A), ш adipose tissue for FKHR (Figure 2B) and in the 
liver for FKHRL I (Figure 2F) 

We next examined the binding sequences of the three homo- 
logues. Each possesses a similar forkhead domain, although they 
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Figure 1  Northern-blot analysis of three DAF-16 homologues In adult mouse tissues 


Top pane! total RNA (20 ug), isolated from ICR mouse tissues, was subjected to electrophoresis and blotted on to a nylon membrane as described in the Materials and methods section The 
blots were hybridized with “P-labelled cDNA probes specific for mouse DAF-16 homologues AFX (left panel}, FKHR (middle panel) and FKHRL1 (nght panel) showed а 3 4-kb, 6 5-kb and 7 1- 
kb transcripts respectvely H, heart, B, brain, Sp, spleen, Lu, lung, Li, Inver, Sm, skeletal muscle; K, kidney, Wa, white adipose tissue, Ba, brown adipose tissue, T, testis, Ov, ovary Bottom 


pane! 18 5 nbosomal RNA served as an internal control 





Figure 2  /n situ hybridization histochemistry showing complementary tissue distribution among DAF-16 homologues in day 15.6 mouse embryos 
(A,B) AFX, (C,D) FKHR, (EF) FKHRL1 The highest expression levels of AFX, FKHR and FKHRL1 respectively were found in (A) skeletal muscles (М), (B) adipose tissue (Р), and and (F) embryonic 


iver (L) Bar = 1 mm 
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TT GTATCGTAAGTATATGAC 
GTTTACATTAATAGGTTCCGARCATGG 
ACAATTTTTTTAGCATGTTCTAG 

CAAGGTGTACTGTTGG 


Figure 3 Selection of binding sites for random-sequence oligonucleotides 
with Trx-DAF18, Trx-AFX, Trx-FKHR and Trx-FKHRL1 fusion proteins 


(A) Binding of the BP-1 to DAF-16 and DAF-16 homologues: 1, Trx-DAF16, 2, Trx-AFX, 3, 
Trx-FKHR, 4, Trx-FKHRL1 (B) Enrichment of high-affinity binding sites following four cycles 
of sequentia! selection and amplification EMSA of the РСА products obtained after the fourth 
amplification (4) and the randomized oligonucleotides used as starting material for the selection 
(0). (б) Trx-FKHR fusion protein (cons) showed a shifted band as did the BP-1, but Trx alone 
did not bind to the consensus sequence. The arrowheads indicate the shifted bands which may 
be due to degraded products (D) Summary of sequences selected with Tx-FKHR The 32 nt, 
corresponding to the randomized segment of 21 selected PCR products, are shown The core 
sequence of the FKHR binding site rs boxed 


vary in their primary structure, suggesting that they may have 
different DNA binding specificities. First, we confirmed that 
DAF-16 and DAF-16 homologues could bind to the BP-1 
(Figure 3A), as reported previously [12-18]. Binding was per- 
formed with a random pool of oligonucleotides, using a vanety 
of PCR/selection strategies described previously [21]. After four 
rounds of selection and amplification, the enriched oligo- 
nucleotides were cloned and sequenced. For each DAF-16 
homologue, 21—25 different sequences were compared and a 
consensus sequence was calculated. To rule out that the Trx 
moiety of the fusion proteins may have any affinity for the 
selected sequences, Trx protein alone and with the consensus 
sequence was also tested by EMSA, and no band shift was 
evident (Figure 3C). The sequencing results revealed that a 
related 8-bp sequence (5’-TTGTTTAC-3’) or its complement 
was present ın each clone, for example sequences selected with 
FKHR (Figure 3D). DAF16, AFX and FKHRL] also shared a 
consensus sequence identical to that obtained for FKHR (Figure 
4). Moreover, DAF-16 and DAF-16 homologues exhibited 
different preferences in the 5' flanking sequence of the consensus 
sequence, i e. GNA for FKHR and TNG for FKHRL 1. In the 
3' flanking region of the consensus sequence they shared a similar 
sequence, NTTT. This consensus sequence was most similar to 
that of FREAC-3, another forkhead family member described 
previously [21]. 
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Figure 4 Summary of selected binding sequences for DAF16, AFX, FKHR 
and FKHRL1 proteins 


The numbers represent the frequency of each nucleotide at each position The number of 


sequences on which this summary Is based is 25 for DAF16, 22 for AFX, 21 for FKHR and 
22 fot FKHRL1. The core sequence, TTGTTTAC, was shared and the sequence 15 named as DBE 


To test whether the 8-bp consensus sequence (DBE, for daf-16 
family member binding element) was sufficient for binding to the 
DAF-16 homologues, complementary 20-bp oligonucleotide 
strands containing a single DBE and a single DBE with a single 
base-pair change of T or G to C (TCGTTTAC, TTCTTTAC, 
TTGCTTAC and TTGTCTAC) were synthesized and used in an 
EMSA. The DAF-16 homologues bound the probe containing 
native DBE, but the mutated probes bound to a much lesser 
extent or not at all (Figure 5A). The insulin-responsive element 
(IRE) in the BP-1 is 5’-TT(G/A)TTTTG-3’ and differs from the 
DBE in the last two bases. We examined for which of the two 
sequences DAF-16 homologues had a stronger affinity by EMSA 
with complementary oligonucleotides in which DBE was replaced 
by a single IRE. All the DAF-16 homologues bound more 
strongly to the DBE sequence than to the IRE, at least in vitro 
(Figure 5B). 

To test whether the DBE recognized by DAF-16 homologues 
could function in vivo, we carried out a reporter assay with 
p2xDBE-luc, p4xDBE-luc, p6xDBE-luc and pBPl-luc using 
NIH3T3 cells and the FKHR expression vector. We first 
examined the dose response of the FKHR expression vector with 
p2xDBE-luc. The transcriptional activity of the FKHR ex- 
pression vector increased in a dose-dependent manner and, with 
> 100 ng of FKHR expression vector, it was three-fold that with 
the LacZ vector (Figure 6A). The effects of numbers of copies 
of the DBE in the promoter region on the transcriptional activity 
was examined and FKHR showed approximately twice as much 
reporter activity as LacZ in p2xDBE-luc (Figure 6B). In addition, 
upon treatment of the cells with IGF-1 or serum, the activity 
decreased by half. The levels of reporter activity achieved with 
p4xDBE-luc and p6xDBE-luc were significantly increased to 
> 4- and 10-fold respectively when compared with that with 
the LacZ vector alone. 

We searched for a candidate for target genes for DAF-16 using 
the BLASTN program in a genomic database of C. elegans 
(Sanger Center) and identified one copy of the DBE upstream of 
the first exon of sod-3 (Figure 7). 
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Figure & DBE oligonucleotides bind to DAF-16 homologues 





(A) Examples of EMSA using the Trx-fused DAF-16 homologues and a °“P-labelled DBE probe (WT) or similar probes in which each nucleotide, respectively, of TGTT in TTGTTTAC was changed 
to C {lanes 1, 2, З and 4 respectively) These mutations destroyed the complex of probes and DAF-16 homologues (B) EMSA using “P-labeled DBE (D) or **P4abelled BP-1 (B) as a probe 
for examining the affinity for each DAF-16 homologue DAF-16 homologues bound more strongly to the DBE than to the BP-1 Arrowheads indicate the shifted bands due to degraded products 
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Figure 6 DBE can function /n vivo 


(А) The FKHR expression vector increased the relative luciferase activity of a p2xDBE-luc 
reporter gene in a dose-dependent manner The activity saturated at = 100 ng of the FKHR 
expression vector, NIH3T3 cells were transfected with p2xDBE-luc, pRL-TK and various 
amounts of FKHR expression vector and 48 h after transfection the cells were harvested and 
assayed as described in the Matenals and methods section. The relative luciferase activity was 
determined as the firefly luciferase activity dmided by the Ramila luciferase activity and the 
points shown represent the means ESEM. of three expenments (B) NIH3T3 celis were 
transfected with the indicated plasmids (pBP-1-luc, p2xDBE-luc, p4xDBE-luc and p6xDBE4uc), 
pRL-TK and FKHR expression vector, and 24 h after the transfection were treated with or without 
90 ng/ml IGF-1 or 20% bovine-fetal serum. The transcriptional activities weve determined as 
desenbed in (A) The values are the means -+ S.E M. of three experiments. Asterisks show 
Statistically significant différences calculated by Student's / test ("P < 005 and “P < 001), 


sod-3: 


tctotttctctcaacaacaatgtgctggocttgcatgtttg 
ccagtgogggttgtttacgcgttttcaagatttttggtctc 
ctatctaacgtcccgaaatgoattttttcotttcatttggt 
ttttttoctgqttcgagaaaagTGACCGITIGICAAATCTICr 
AATTTTCAGTGAATAAAATGCTGCAATCTACTGCTCGCACT 
GCTTCAAAGCTEGTTCAACCGGTTGCGGGgtaagtcaaaat 
gaaattttcogtttaaaaattggttttttttggtattataga 
taaaacttataccaaaacaaaacatatttagaaaaacttta 
atagagaataattgtttaataattaatttttgcaagctcct 
ttt. 


Figure 7 C. elegans sod-3 is a candidate target gene of DAF-16 


One copy of DBE is located upstream of the first exon of C elegans sod-3 The DBE is 
underlined and capital letters indicate the exon region 


DISCUSSION 


In ICR mice, the expression of DAF-16 homologues were 
detected at a high levels in the insulin/IGF-1 responsive tissues, 
such as muscle and adipose tissue in both adults and embryos. 
This was consistent with the regulation of the transcriptional 
activities of these proteins by insulin/IGF-1 ([12-18]; T. 
Furuyama, T. Nakazawa, I. Nakano and N. Mori, unpublished 
work). However, not all insulin responsive tissues expressed 
the DAF-16 homologues. The distribution pattern of the three 
DAF-16 homologues was similar in embryos, і.е. AFX, FKHR 
and FKHRL] were expressed more strongly in muscle, adipose 
tissue and liver respectively. The characteristic distribution 
pattern remained in the adult and AFX mRNA was expressed at 
a higher level in muscle, and FKHR in brown and white adipose 
tissue. This suggested that each homologue plays an important 
role in the regulation of a target gene in a specific tissue. For 
example, FKHR may regulate a target gene in adipose tissues. 
However, the signal level of FK HRLI was found to be higher in 
many adult tissues than that of embryonic tissues, so it may 
function in the mature tissues. Moreover, the distribution pattern 
in the embryos was also similar to that of Akt2 among Akt 
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family members, suggesting that Akt2 is critical іп phos- 
phorylating DAF-16 homologues following insulin/IGF-1 
stimulation [22]. It remains to be clanfied whether Akt2 can 
phosphorylate DAF-16 homologues more efficiently than Akt]. 

We next examined the possibility that each DAF-16 homologue 
recognized a specific sequence for DNA binding. The DBE 
selected by each DAF-16 homologue, using binding-site selection, 
was identical, and was 5’-TTGTTTAC-3’. This sequence includes 
the sequence conserved among forkhead family members, 
TRTTTAY. A change of any one base in TGTT to C caused the 
DAF-16 homologue to dissociate from the DBE. Similarly, 
the change of G or T to Cin TRTTTAY was reported previously 
to prevent binding to the forkhead domain [21]. Taken together, 
this suggests that DAF-16 homologues also bind to DNA via a 
forkhead domain, and a variation from the typical forkhead 
domain, conserved among the family members, may determine 
the base pairs flanking TGTT in the DBE. Moreover, the 
binding-site selection revealed that each' DAF-16 homologue 
exhibits different preferences in the 5’-flanking sequence of the 
DBE. This difference may determine which target genes each 
DAF-16 homologue regulates. 

The BP-1 has been reported to be recognized by DAF-16 
homologues [12-18]. The IREs are TT(G/A)TTTTC and аге 
different from the DBE in the last two bases. EMSA revealed 
that DAF-16 homologues bound more strongly to the DBE than 
to the IRE in the BP-1. This finding is consistent with the fact 
that we detected the DBE sequence exclusively by its binding site. 
However; it is possible that the common regions flanking the 
IRE or the DBE in the oligonucleotide probes confer a more rigid 
affinity for the DBE. Indeed, the regions flanking TRTTTAY 
were reported to be critical for binding between DNA and the 
protein in another forkhead family member, FREAC-3 [21]. 

The reporter gene assays confirmed that the DBE could 
also function m vivo. Since the transcriptional activity was 
dose-dependent on the FKHR expression vector and copy- 
number dependent on the DBE, it suggests that DAF-16 homo- 
logues could also bind to the DBE im vivo and transactivate the 
reporter genes through the DBE. Moreover, the finding that 
the transcriptional activity with p2xDBE-luc was higher than 
that with pBP-1-luc suggests that the DAF-16 homologues bind 
more strongly to the DBE than the BP-I. In addition, the 
reporter-gene assay showed that the DBE alone is sufficient 
for repression by IGF-1 or serum. Indeed, FKHRLI is phos- 
phorylated by Akt/PKB following stimulation of insulin or 
serum and translocates to the cytoplasm from the nuclei, which 
results in a decrease in the amount of FKHRL I proteins in the 
nuclei and repression of a target gene ([17]; T. Furuyama, 
T. Nakazawa, I. Nakano and N. Mori, unpublished work). The 
translocation in the cells is critical for the determination of 
transcriptional activities by DAF-16 homologues. However, the 
DBE is only 8-bp and is similar to a consensus sequence 
recognized by other forkhead members, and so the specificity 
may be low. Therefore it is likely that the specificity is increased 
by interaction with particular molecules and by the different 
tissue distribution patterns. 

In the process of searching for a candidate for the target genes 
of daf-16 1n the genomic database of C. elegans, we found one 
copy of DBE upstream of the first exon of sod-3. The product of 
sod-3 is a Mn-containing superoxide dismutase and 1s localized in 
the mitochondria. It is reported that the expression level of sod- 
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3 is up-regulated in the dauer larva and the daf-2 mutant and it 
disappears in the double mutant daf-2/daf-16 [23]. Our study 
supports these findings and strongly suggests that DAF-16 
directly regulates the expression level of sod-3 through the DBE. 

Recent studies have revealed that mammalian DAF-16 homo- 
logues play an important role downstream of the insulin/IGF-1 
signalling pathway, as in C. elegans [12-18]. However, there is no 
evidence for a direct relationship between the DAF-16 homo- 
logues and the regulation of aging or life span in mammals. To 
explore the issue further, we need to identify the target genes for 
DAF-16 homologues and their functions. The DBE may be 
valuable as a marker in the search for the target genes. 

In summary, DAF-16 homologues can fundamentally regulate 
the same target genes through the DBE, and the specificity of 
each homologue to the target genes is partially determined by the 
differences in their expression patterns. 
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Carotenoid biosynthesis in the photosynthetic bacterium Rubri- 
vivax gelatinosus leads to the formation of hydroxyspheroidene 
and spirilloxanthin as the products of a branched pathway. In 
this study we investigated the role of the desaturase encoded by 
crt D which catalyses the introduction of C-3,4 double bonds into 
acyclic carotenoids. The desaturase was expressed in Escherichia 
coli, and the activity and the substrate specificity of the enzyme 
were evaluated in vitro by application of structurally different 
carotenoids. The results indicate that the enzyme is a 3,4 
desaturase that converts l-hydroxy carotenoids. The 3,4-de- 
saturation reaction can only occur with mono-1-hydroxy caro- 


tenoids at a y-end group or with 1,l'-dihydroxy derivatives 
carrying a 3’,4’-double bond. In addition, 1-HO-£-carotene could 
also be converted by the desaturase. Enzyme kinetic studies 
showed a substrate preference of 1-HO-neurosporene over 1- 
HO-lycopene. Consequences from the biochemical data for the 
reaction sequence of hydroxyspheroidene and spirilloxanthin 
formation and the interconnection of both branches are dis- 
cussed. 


Key words: acyclic I-hydroxy carotenoid 3,4-desaturase, crtD 
gene, enzyme kinetics, in vitro assay, spirilloxanthin biosynthesis. 





INTRODUCTION 


The purple photosynthetic bacteria belonging to the Rhodo- 
spirillaceae synthesize acyclic C,, carotenoids with C-3,4 conju- 
gated double bonds, which are modified by hydroxy or methoxy 
groups at position C-I and/or C-1’. The initial part of all the 
pathways includes the synthesis and desaturation of phytoene 
[1]. In Rhodobacter capsulatus a single enzyme mediates the 
desaturation to neurosporene [2], which is then converted by 
subsequent hydration, desaturation and methylation reactions 
into hydroxyspheroidene under anaerobic conditions or into the 
ketocarotenoid spheroidenone in the presence of oxygen [3,4]. 
In Rubrivivax gelatinosus a second branch leads to the bio- 
synthesis of the maximally desaturated carotenoid spirillo- 
xanthin, m addition to the spheroidene pathway [5]. It is not 
clear whether spirilloxanthin formationin R gelatinosus proceeds 
exclusively via lycopene and its 1- and 1'-hydroxy derivatives or 
also via spheroidene, which involves hydration of neurosporene. 
The route of spirilloxanthin biosynthesis has been established in 
different species of the Rhodospirillaceae, mainly ın Rhodo- 
spirillum rubrum where spirilloxanthin is found as the major 
carotenoid, based on the identification of intermediates [3,6] and 
inhibitor studies [7,8] The creation of mutant strains by gene 
inactivation resulting in the accumulation of intermediates 
achieved further progress [9,10]. It 1s generally accepted that 
lycopene is an important precursor. It is converted into spirillo- 
xanthin by a number of consecutive reactions that operate first at 
one end of the symmetrical lycopene molecule and then at the 
other [7]. Lycopene was detected in small amounts as a precursor 
in deletion mutants of R. gelatinosus [9] as well as in the light- 
harvesting complexes of this bacterium [11]. Nevertheless, an 
alternative spirilloxanthin pathway which by-passes the form- 
ation of 1-HO-lycopene and proceeds via the neurosporene 
route to spheroidene, as proposed by Eimhjellen and Liaaen- 


Jensen [6], may exist. In order to establish the precise reaction 
sequence leading to spirilloxanthin formation in R. gelatinosus 
enzymic studies are indispensable. Only the determination of the 
substrate specifities of the key enzymes involved in the R. 
gelatinosus spirilloxanthin branch using all putative intermediates 
will disclose the spirilloxanthin pathway. Several genes coding 
for the enzymes participating in the carotenoid biosynthesis 
pathways ın the Rhodospirillaceae have been identified [9,12,13]. 
However, the characterization of the enzymes involved has only 
just started. Only two of the carotenogenic enzymes, a phytoene 
desaturase from Rh. capsulatus [14] and the 3,4-desaturase of RA. 
sphaeroides, have been functionally characterized [15]. 

In this article we report the expression of the R. gelatinosus 
crtD gene in Escherichia coli to produce a functional enzyme. 
After production of putative substrate carotenoids by com- 
bination of different carotenogenic genes, detailed studies of the 
reactions involved 1n carotenoid biosynthesis were carried out. 
The definite reaction sequence of hydroxyspheroidene and 
spirilloxanthin formation in R. gelatinosus and the role of the 
3,4-desaturase, CrtD, in this pathway could be established. 


EXPERIMENTAL 
Cultivation 


Cells of wild-type R. gelatinosus and a mutant, SID2, lacking the 
crtD gene [9], were grown photoheterotrophically at 32 °C in a 
malate medium [16] for 4 days. E. coli JM101 cells containing 
plasmids with different combinations of carotenogenic genes 
were used for the production of marker carotenoids and various 
substrates for enzyme reactions. The plasmids are listed in Table 
1, 1ncluding the references where the constructions were de- 
scribed. Transformants were cultivated for 2 days at 28 °C in 
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Table 1 Plasmid combinations In Е. cof JM101 used for the production of substrate carotenolds 


Abbreviations used. amp, ampicillin, chi, chloramphenicol, kan, kanamycin, tet, tetracycline Assignment of genes crt& geranylgeranyl pyrophos 

phate synthase, criB, phytoene synthase, crt, 
phytoene desaturase from Rhodobacter capsulatus, oft, ,, phytoene desaturase from Era uradovora, CIC, ,, carotene hydratase from А. gelatinosus; сло. ., carotene hydratase from du 
capsulatus; criD , carotenoid 3,4-desaturase from А, gelatinosus, alt, phytoene desaturase from Neurospora crassa; crtP, phytoene desaturasa, єлї, lycopene cyclase, criF, 1-HO-carotenoid 








methylase 
Plasmid Resistance Gene Carotenoid formed 
pACcrtEBI,. [24] 4- pRKertC, . [15] chi, tet СЛЕ, crtB, ой, Cris 1-HO-Neurosporene, 1,1’-(HO),-neurosporene 
рАСспЕВІ., [24] + pRKcrtC, e chi, tet СПЕ, слВ, crik, Crt, 1-HO-Lycopene, 1,1’-(H0),-lycopene 
pACcrtEBl, . + pRKertC,, + pUCcrtF [15] chi, tet, amp СПЕ, crtB, cry, Mego СПЕ 1-(CH,O)-Neurosporene 
pACcrtEBi.,, + p5050 [9] chi, tet СПЕ, ел8, Cith y, rg: orld, 1,1 4H0)-3 4- Didehydrolycopene 
pACcrtEBall [15] + pRKertC, , + р5053 chi, tet, kan СПЕ, crib, alt, спор „, СЛО, , 1’-HO-3,4-Didehydrotycopene 
pACcrtEBP [24] + pRKcriC, . chi, tet СПЕ, СПВ, ойр, crt, , 1-HO-¢-Carotene, 1,1’-(HO),-¢-carotene 
pACCAR1 6Acrtx [25] + pRKertC, chi, tet СПЕ, otb, слі, crty, crtC, . 1-HO-y-Carotene 
PACcREBI,, + ps050 + pUCertF chi, kan, amp СЛЕ, CriB, cit, ott, g, CDS c, СЛР 1^-HO-Spheroidene 
PACcrtEBI, „ + р5050 chi, kan GITE, ОВ, Cith e, Cag СПО, Demethylspharoidene, 1-HO-demethylspherokdene 
PACcrtEBI, , + pRKertC, o + р5053 + pUCertF chi, tet, kan, amp СЛЕ critb, crik o, СПО, CDa g СПЕ 1-GH,0-1 -HO-3,4-Didehydrotycopene 
PaCcrtkBl,, + pRKertC, . + pS050 + pUCertF chi, tet, kan, amp СПЕ, сліВ, спі, CCa g Apg СПЕ 1-CH40-3,4-Didehydrotycopene 





Luria-Bertam broth [17] 1n the presence of chloramphenicol 
(35 pg/ml), ampicillin (100 ug/ml), kanamycin (25 ug/ml) or 
tetracycline (25 ug/ml) according to the plasmids used. 


Protein expression and /n vitro enzyme reaction 


E. coli strain JM101 was the host for the plasmid pSO53, 
which carries the desaturase gene crtD from R. gelatinosus. The 
pSOS3 plasmid was constructed from the pSO50 plasmid. 
The р5050 plasmid contained a 3-kb Sacl fragment encoding 
crtD-C genes under the control of the lac promoter [18]. The 
downstream fragment from the BamHI site to the end was 
deleted to keep only the crtD gene Cultures were grown in 
Luria-Bertani broth [17] containing kanamycin (25 ug/ml) at 
37°C until an attenuance (D,,,) of 0.1 was reached. Protein 
expression was induced by addition of isopropyl f-p-galactoside 
to a final concentration of 0.4 mM and incubation at 28 °C 
overnight. 

The cells were harvested by centrifugation at 6000 g for 15 min 
at 4 °C, resuspended 1:20 in 50 mM potassium phosphate buffer, 
pH 7.8, and broken by two passages through a French pressure 
cell at 95 MPa The homogenate was incubated with DNase 
(10 ug/ml) on ice for 10 min. After centrifugation at 40000 g for 
20min at 4°C the supernatant (500 ul; approx. 64g of 
desaturase) was used for enzyme assays in vitro 1n a final volume 
of 1 ml. Purified carotenoids (3 ug) were added in lipid suspension 
(100 ug of soya-bean lipid/ml of buffer). To determine the К 
values carotenoid concentrations from 2 to 50 uM were used. 
Assays were incubated for 18h under shaking at 28 °C in the 
dark. 

The amount of the desaturase was estimated after SDS/PAGE 
on 15% gels [19] after staining the polypeptides with Coomassie 
Brilliant Blue Total protein was determined using the method of 
Bradford [20]. 


Carotenoid extraction and HPLC analysis 


Carotenoids were extracted from freeze-dried R. gelatinosus cells 
and E. coli transformants by addition of methanol containing 
6% KOH and heating for 20 min at 60°C. Extracts were 
partitioned against 10% ether in petrol. The upper phase 
was collected and evaporated. Separation of the carotenoids was 
carried out by chromatography on aluminium oxide as described 
previously [15]. If necessary they were purified further by HPLC. 
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The HPLC system used for purification and for separation of 
substrates from products after the enzymic reactions consisted 
of a Nucleosil C,, 3-um column (Macherey-Nagel, Duren, 
Germany) with acetonitrile/methanol/2-propanol (75:17.5:7.5, 
by vol.) as eluent. Carotenoids were identified and quantified with 
authentic standards, by their retention times and their absorbance 
spectra, which were recorded from the elution peaks using a 
Kontron diode-array detector model 440 [15]. 


RESULTS 


Comparison of the carotenoid content (Figure 1) of the R. 
gelatinosus wild-type cells and the mutant cells lacking ertD give 
a first indication of the role of the desaturase in the carotenoid 


Absorbance at 460 nm 





0 5 10 15 20 25 30 


Retention time (mln) 


Figure 1 HPLC separation of the carotenolds of Rubrivivax gelatinosus 
wild-type (WT) and the mutant lacking a functional crtD gene 


Peaks correspond to 1, 1'-HO-spheroidene, 2, spirilloxanthin, 3, 1-CH,0-3,4-didehydro- 
lycopene; 4, demethylspheroxiene, 5, spherokdene, 6, 1,1"-(HO),-neurosporene, 7, 1-CH,0- 
1’-HO-lycopene, 8, 1-CH,0-1’-HO-neuresporene, 9, 1-HO-neurosporena, 10, 1-CH,0- 
lycopene, 11, 1-CH,0-neurosperené, 12, neurosporene 
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1,1-(HO),-3,4- Didehydrotycopene 1,1 -HON 34,3 A'-Totradehydrotyoopene 


1-HO-T,4'-Didehydrolyoopene 1-HO-Tetradehydrolycopene 
но 15 но 
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114 HO), Lycopene T-CH,O-Neurepodne 
AAA AA AAA NNN Y Я 
Т-НО-Ретейугрћегскіоле j 1,14HOy C-Cantene T 
ДААА 1:HO-Spheroidene 
Derefhylepbercitene 


Figure 2 Substrate specificity and catalytic reactions of the carotenold 3,4-desaturase, Спір 


Percentage conversions of 3 xg af the corresponding substrate with enzyme extracts containing 6 4g of desaturase for 18 h are shown above the arrows. (A) Substrates with the highest conversion 
of 40-50% under the reactions indicated in the Expenmental section (B) Conversion of 20-40% (C) Carotenoids that where not converted by CrtD. 
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А ttt o a r s 


Table 2 Kinetic parameters for the most efficient substrates of CrtD from 
R. gelatinosus 


A, and Kan values are the means of at least three determinations obtained from double- 
reciprocal plots of the reaction rates versus the substrate concentrations with 5—8 data points 
and а correlahon coefficient for linearity of > 098 The SD values for both parameters were 
in the range of 14-24% of the mean values 


Vee (mol mg of 
Substrate Ka (uM) — prote"! h^) Ve K, (x 107?) 
1-HO-Neurosporene 25 135 54 
13 (HO)-Neurosporene 19 058 30 
1-HO-Lycopene 40 069 14 





pathway The major carotenoids ın the wild-type R. gelatinosus 
grown under anaerobic conditions were spheroidene (Figure 1, 
peak 5) and 1’-HO-spheroidene (peak 1), with absorption maxima 
at 430, 455 and 470 nm. Another product was spirilloxanthin 
(peak 2), a carotenoid with absorption maxima at 470, 495 and 
515nm. The intermediates were identified as 1-CH,O-3,4- 
didehydrolycopene (peak 3) and demethyispheroidene (peak 4). 
The R. gelatinosus mutant showed a different carotenoid pattern. 
The neurosporene-related carotenoids 1-HO-neurosporene (peak 
9), 1,1’-GHO),-neurosporene (peak 6), 1-CH,O-1’-HO-neuro- 
sporene (peak 8) and 1-CH,O-neurosporene (peak 11), with their 
typical absorption spectra of 410, 440 and 470 nm, were accumu- 
lated. In addition the lycopene derivatives 1-CH,O-1’-HO- 
lycopene (peak 7) and 1-CH,O-lycopene (peak 10), with typical 
absorption maxima of 440, 470 and 490 nm, were enriched 

Determination of the specificity of the carotenoid 3,4 
desaturase CrtD for a range of substrates that may be alternat- 
ively involved as intermediates is the ultimate procedure for the 
study of the formation of spirilloxanthin in R. gelatinosus. For 
enzymic investigations, the functional expression of the 3,4- 
desaturase was optimized and monitored by SDS/PAGE. The 
yield of this protein was 3-5 % of the total E. colt protein. After 
disruption of the E. coli cells under high pressure and centri- 
fugation, the protein was enriched in the supernatant, and could 
be used without additional solubilization for enzymic charac- 
terization. 

Structurally different carotenoids, which can all be considered 
putative substrates and which may play a possible role as 
intermediates in the carotenoid pathway of R. gelatinosus, were 
used for characterization of the enzyme in vitro. Figure 2 shows 
the carotenoid substrate specificity for l-hydroxy derivatives 
and the catalytic reactions of the 3,4-desaturase. Among the 
carotenoids tested, 1-HO-neurosporene, 1-HO-lycopene and 
1,I'-(HO),-neurosporene were the most efficient substrates for 
the 3,4-desaturase Under our conditions, 47, 33 and 3995, re- 
spectively, of these substrate carotenoids were converted into 
demethylspheroidene, 1-HO-3,4-didehydrolycopene and 1- 
HO-demethylspheroidene. 

As 1-HO-neurosporene, 1-HO-lycopene and 1,1’~HO),-neuro- 
sporene are putative branching products for the carotenoid 
pathway in R. gelatinosus, enzyme kinetic studies were performed 
using these substrates. К values were determined to be 25 uM 
for 1-HO-neurosporene, 404M for 1-HO-lycopene and 
19 uM for 1,1’-(HO),-neurosporene The corresponding Voa 
values were 135nmol h'!:mg'! for 1-HO-neurosporene, 
0.69 nmol:h^* mg! for 1-HO-lycopene and 0.58 nmol-h™?-mg™ 
for 1,1'-(HO),-neurosporene, respectively (Table 2) 

To determine the structural characteristics recognized by the 
desaturase, different carotenoids were used in the assay rn vitro. 
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Not only were the 3,4-didehydrolycopene derivatives 1,1'-(HO),- 
3,4-didehydrolycopene, 1-CH,O-1’-HO-3,4-didehydrolycopene 
and l'-HO-3,4-didehydrolycopene converted by 38, 37 and 
28 %, respectively, by the enzyme but also were 1-HO-£-carotene 
and 1-HO-y-carotene, by 15% each. In contrast, the dihydroxy 
derivatives 1,1'-(HO),-lycopene and 1,1'-(HO),-£-carotene and 
the neurosporene derivatives 1-CH,O-neurosporene, 1'-HO- 
demethylspheroidene and demethylspheroidene were not recog- 
nized as substrates by the 3,4-desaturase. For each enzyme 
preparation 1-HO-neurosporene was used as a positive control 
to ensure enzyme activity in the range of 42-48 9 conversion. 


DISCUSSION 


Substantial progress to elucidate the individual steps of caro- 
tenoid biosynthetic pathways can be made by the development of 
enzyme assays in vitro [21]. We followed this strategy for the 
carotenoid 3,4-desaturase CrtD from R. gelatinosus Thus it was 
possible to express from the encoding gene a soluble form of this 
protein which due to its high activity was suitable for enzyme 
kinetic studies. The characterization of the enzymic properties of 
CrtD showed that this desaturase is able to convert structurally 
different substrates participating simultanously in the bio- 
synthesis of hydroxyspheroidene as well as of spirilloxanthin. 
Furthermore, deletions of a single crtD gene in R. gelatinosus 
resulted 1n the accumulation of intermediates of both branches, 
all lacking the 3,4-double bond (Figure 1). 

The results of Figure 2 indicate that generally a hydroxy group 
at position C-1 1s required for the 3,4-desaturation reaction. But 
other structural features of the substrate molecule also determine 
acceptance by the enzyme. Substrate molecules derived from 1- 
HO-lycopene are converted, but only if no additional hydroxy 
group is located on the other end of the molecule in position 
C-1’. Thus, 1-HO-lycopene is converted into 1-HO-3,4-di- 
dehydrolycopene as well as 1-HO-y-carotene, and 1'-HO- 
3,4-didehydrolycopene into 1'-HO-torulene and 1'-HO-tetra- 
dehydrolycopene, whereas 1,1'-(HO),-Iycopene is not a substrate. 
However, conversion of dihydroxylycopene derivatives occurs 
only if one of the hydroxy or corresponding methoxy groups 1s 
accompanied by an additional double bond in position C-3,4, 
as in 1,1’-(HO),-3,4-didehydrolycopene or 1-CH,O-1’-HO-3,4 
didehydrolycopene. Unlike lycopene derivatives, 1-HO-neuro- 
sporenes are desaturated at position C-3,4 regardless of the 
presence or absence of a hydroxy group at the С-1 end of 
the molecule. However, desaturation occurs only at the half 
of the molecule that resembles lycopene, as shown by the con- 
version of 1-HO-neurosporene into demethylspheroidene, and 
of 1,1'(HO), neurosporene into 1-HO-demethylspheroidene. 
When the 1-hydroxy group is replaced by a methoxy group, 3,4- 
desaturation is inhibited. Thus the C-3,4 desaturase from R. 
gelatinosus is functional as a 1-hydroxy carotenoid desaturase 
but not as a l-methoxy carotenoid desaturase, as shown 
previously for the 1-HO-neurosporene desaturase from Rh. 
sphaeroides [15]. 

Taking the results presented in Figure 2 the individual steps of 
the reaction sequence to hydroxyspheroidene and also to spirillo- 
xanthin in R. gelatinosus are outlined in Scheme 1. The general 
reaction sequence involving CrtD is hydration of the isopropyl- 
idene end group of lycopene or neurosporene, followed by a 
dehydrogenation to indroduce a C-3,4 double bond at the 
hydroxylated end and a final methylation of the hydroxy group. 
In case of hydroxyspheroidene synthesis the desaturation of 
hydroxyneurosporene leads to demethylspheroidene, followed 
by the methylation of the hydroxy group to spheroidene and 
addition of water to the double bond at C-1',2. The results 
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1-CH,O-1-HO-34-Didelydrolycopene 


Scheme 1 


exclude that the desaturation step occurs before the transfer 
of the methyl group. This finding is in contrast with the 
postulation by Davies [7] for Rh. sphaeroides that in spheroidene 
biosynthesis 3,4-dihydrospheroidene is an intermediate rather 
than demethylspheroidene, but confirms the pathway established 
by Liaaen-Jensen et al. [3]. 

The initial reaction for the biosynthesis of spirilloxanthin is the 
formation of 1-HO-lycopene. This direct route proceeds via 
1-HO-didehydrolycopene іп R. gelatinosus (Scheme 1). From 1- 
HO-didehydrolycopene onwards, the pathway branches by 
either formation of the 1'-hydroxy group or methylation of the 
I-hydroxy group, yielding 1,1'-(HO),-didehydrolycopene or 1- 
CH,O-3,4-didehydrolycopene, respectively. After establishment 
of the 1’-hydroxy group of the latter carotenoid, they are further 
desaturated by CrtD and metabolized to spirilloxanthin by 
methylation of the hydroxy group. Obviously, the generalization 
[7] that one side of the molecule should be processed completely 
before the other side is substituted is not absolutely strict for the 


1-CH,O-1-HO-Tetradehydrolycopane. 


Individual reactions Involved In the hlosynthesis of 1'-hydroxyspberoidene and spiriloxanthin in A. gelatinosus 


spirilloxanthin pathway in R. gelatmosus and can be modified 
slightly m such a way that, after one 3,4-desaturation step, 
introduction of the second hydroxy group at C-1' may occur 
before the hydroxy group at C-1 is methylated. This reaction 
sequence can also be concluded for spirilloxanthin synthesis in 
Rhodosp. rubrum because 3,4,3',4'-tetrahydrospirilloxanthin was 
detected in a mutant with an inactivated crtD gene [10]. 

The formation of 1,1 (HO),-lycopene, which is catalysed by 
the crtC-encoded hydratase from R. gelatinosus (S. Steiger and 
G. Sandmann, unpublished work), leads to a dead end of the 
spirilloxanthin biosynthetic branch. One of the expected hydroxy 
and methoxy products, 1-CH,O-1’-HO-lycopene was found only 
in the mutant with the deleted criD gene (Figure 1). 

Our investigation gave no evidence for an additional reaction 
sequence to spirilloxanthin via the spheroidene branch. l'- 
HO-Demethylspheroidene, demethylspheroidene and 1'-HO- 
spheroidene were not converted by CrtD. However, for a final 
conclusion that both branches operate independently, one has to 
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wait for the availability of the crt gene from R. gelatinosus and 
use it to evaluate whether the corresponding enzyme is able to 
desaturate the 7’,8’ position of 1'-HO-spheroidene. 

When the neurosporene-derived spheroidene pathway of R. 
gelatinosus ıs compared with the lycopene-derived spirillo- 
xanthin branch, it is obvious that the decisive difference is at 
the level of the phytoene desaturation. In addition to Crtl, the 
subsequent enzymes of the pathway have also adapted to 
simultanous spheroidene or spirilloxanthin synthesis. This is the 
case for CrtD from R. gelatinosus but enzyme kinetic studies 
revealed a higher affinity for 1-HO-neurosporene than for 1-HO- 
lycopene (Table 2). Furthermore, У, / Ka ratios were determined 
for different substrates. These specificity constants indicate the 
substrate preference of an enzyme [22,23]. The > 3-fold-higher 
value for 1-HO-neurosporene over 1-HO-lycopene demonstrates 
that this substrate is much better converted by CrtD. 

The present investigation provided a better understanding of 
the existing and possible enzymic reactions involved in the 
hydroxyspheroidene and spiriloxanthin pathways of R. 
gelatmosus and of the separation of both metabolic branches. 
When other enzymes from this bacterium, especially its phytoene 
desaturase CrtI and hydratase CrtC, are available and accessible 
to enzymic studies, the detailed overall picture of hydroxy- 
spheroidene and spirilloxanthin synthesis will be completed. 
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Cloning and characterization of the 5’ flanking region of the sialomucin 
complex/rat Muc4 gene: promoter activity in cultured cells 


Shari A. PRICE-SCHIAVI', Aymee PEREZ', Roy BARCO and Kermit L. CARRAWAY 
Department of Cell Blology and Anatomy (R-124), University of Miami School of Medicine, PO Box 016960, Miami, FL 33101, USA 


Sialomucin complex (SMC/Muc4) is a heterodimeric glyco- 
protein complex consisting of a mucin subunit ascites sialo- 
glycoprotein-1 (ASGP-1) and a transmembrane subunit (ASGP- 
2), which 1s aberrantly expressed on the surfaces of a vanity of 
tumour cells. SMC is transcribed from a single gene, translated 
into a large polypeptide precursor, and further processed to yield 
the mature ASGP-1/ASGP-2 complex. SMC has complex spatial 
and temporal expression patterns in the normal rat, suggesting 
that it has complex regulatory mechanisms. A crude exon/intron 
map of the 5’ regions of the SMC/Muc4 gene generated from 
clones isolated from a normal rat liver genomic DNA library 
reveals that this gene has a small first exon comprising the 5’ 
untranslated region and signal peptide, followed by a large 
intron. The second exon appears to be large, comprising the 5’ 
unique region and a large part (probably all) of the tandem 
repeat domain. This structure is strikingly similar to that reported 
for the human MUC4 gene. Using PCR-based DNA walking, 
2.4 kb of the 5’-flanking region of the SMC/Muc4 gene was 


cloned and characterized. Promoter-pattern searches yielded 
multiple motifs commonly found in tissue-specific promoters. 
Reporter constructs generated from this 2.4 kb fragment dem- 
onstrate promoter activity in primary rat mammary epithelial 
cells (MEC), the human colon tumour cell line HCT-116, and the 
human lung carcinoma cell line NCI-H292, but not in COS-7 
cells, suggesting epithelial cell specificity. Deletion constructs of 
this sequence transfected into rat MEC or HCT-116 cells 
demonstrate greatly varying levels of activity, suggesting that 
there are positive and negative, as well as tissue-specific, regu- 
latory elements in this sequence. Taken together, these data 
suggest that the rat SMC/Muc4 promoter has been identified, 
that it is tissue- (epithelial cell-) specific, and that there are both 
positive and negative, as well as tissue-specific, regulatory 
elements in the sequence. 

Key words: glycoprotein, mucin, regulatory elements, tran- 
scriptional regulation. 





INTRODUCTION 


Mucins are large glycoconjugates with molecular masses ranging 
from 300 kDa to over 40000 kDa [1—3]. The most important 
characteristic of these molecules is that they contain serine- and 
threonine-rich domains, which can be extensively O-glycosylated 
[3—5]. Mucins are subdivided into three categories: secretory gel- 
forming mucins, like MUC2 and MUCSAC, form large oligomers 
through linkage of protein monomers via disulphide bonds in 
their N- and C-terminal domains; small, soluble mucins, like 
MUC?7 [6], have smaller polypeptide backbones and do not form 
disulphide-crosslinked gels; and membrane-bound mucins, such 
as MUCI, have a hydrophobic membrane-spanning domain and 
also do not form disulphide-linked oligomers [1]. Because of its 
large extended structure and cell surface location; MUCI has 
been assigned a number of possible functions. In normal and 
tumour tissue, MUCI may create a barrier to cell-cell inter- 
actions, reduce adhesion of macromolecules to the cell surface, 
and provide resistance to natural killer and cytotoxic T-cell 
killing [7]. 

Sialomucin complex (SMC) is another well-characterized 
membrane mucin. It was originally discovered as the major celi 
surface glycoprotein complex of the highly malignant metastatic 
ascites 13762 rat mammary adenocarcinoma [8]. SMC consists of 
a peripheral, O-glycosylated glycoprotein [8,9], ascites sialo- 
glycoprotein-1 (ASGP-1), which is tightly, but non-covalently 


bound to an N-glycosylated integral membrane glycoprotein, 
ASGP-2 [10]. The complex is encoded on a single gene, tran- 
scribed as a 9 kb transcript [11-13], and translated into a single 
large (approx. 300 kDa) polypeptide precursor that is proteo- 
lytically cleaved during its transit to the cell surface [11]. Both 
subunits of this complex have been cloned and sequenced. The 
ASGP-1 sequence predicts a protein of 2172 amino acids with a 
potential molecular mass of > 200000 [13]. It consists of three 
domains: an N-terminal unique sequence, a large repeat sequence 
rich in serine and threonine residues which can be O-glycosylated, 
and a C-terminal unique sequence [13]. ASGP-2 is a 120-140 kDa 
glycoprotein consisting of 744 amino acid residues [12]. Its 
deduced amino acid sequence encodes seven putative domains: 
two hydrophilic N-glycosylated domains, two epidermal growth 
factor (EGF)-like domains, a cysteine-rich domain, a trans- 
membrane domain, and a small cytoplasmic domain [12]. 

Recent studies have shown that SMC is the rat homologue of 
human MUC4. Human MUC4 shows substantial similarities to. 
rat SMC at both the N- and C-terminal portions of the molecules 
[14]. They differ in their repeat domains in that SMC does not 
have the 16 amino acid repeat cloned and sequenced in the 
original description of MUCA [15]. Thus the similarity between 
the molecules was not observed previously. However, the 70 95 
identity between the human MUCA analogue of ASGP-2 and rat 
ASGP-2 provides strong evidence that they are homologous 
proteins. 


Abbreviations used ‘SMC, slalomucin complex, ASGP, ascites staloglycoprotein, EGF, epidermal growth factor; CAT, chloramphenicol 
acetyltransferase; MEC, mammary eplthellal cells, HCT, human colon tumour. 
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several functions have been proposed for SMC/MUC4. 
Through its highly O-glycosylated tandem repeat domain, ASGP- 
1 can act as a protective barrier to tumour cells and exposed 
epithelia. Indeed, SMC expression in transfected A375 tumour 
cells provides anti-recognition and anti-adhesive properties 
[8,16,17]. Furthermore, SMC expression in tumour cells reduces 
their killing by natural killer cells [18]. This anti-recognition 
property may be important to the high metastatic capacity of the 
13762 ascites cells [16,18,19]. Further, the presence of SMC on 
exposed epithelia such as cornea, vagina and cervix suggests a 
protective role for SMC [20,21]. ASGP-2 has two EGF-like 
domains, which have all of the consensus residues present in 
active members of the BGF family [12]. Moreover, SMC has 
been shown to bind to, and modulate phosphorylation of, the 
receptor ErbB2 [22]. Thus the transmembrane subunit ASGP-2 
is proposed to modulate signalling through the EGF family 
of receptors via its interaction with ErbB2 [22,23], the critical 
receptor for formation of active heterodimers of the class I recep- 
tor tyrosine kinases [24]. This interaction may play a role in 
the constitutive phosphorylation of ErbB2 in the 13762 ascites 
cells [25], and the rapid growth of these cells in vivo. 

The expression patterns of both human MUCA and rat 
SMC/Muc4 have been studied in detail. MUC4 is expressed in a 
broad range of secretory epithelial cells. By Northern blotting 
and/or in situ hybridization, human MUC4 mRNA has been 
detected in colon, stomach, cervix and lung [26,27], but not in 
normal pancreas, gall bladder and breast tissues. Western blot 
апа immunohistochemistry reveal that rat SMC/Muc4 protein 1s 
expressed in a number of normal rat tissues including colon, 
small and large intestine, trachea, uterus, cornea and mammary 
gland [28]. SMC is overexpressed on the surface of the 13762 rat 
mammary adenocarcinoma (> 10? copies/cell) at a level approx. 
100-fold higher than that 1n lactating mammary gland or approx. 
10000-fold higher than that in normal virgin gland [8,16,29,30] 
Human MUCA has also been shown to be aberrantly expressed 
in some tumours [31] Thus SMC/Muc4 must be tightly 
regulated, since aberrant expression of this protein could have 
deleterious consequences. 

In an effort to study regulation of SMC in normal cells and 
tumour cells, we have cloned and characterized the 5’ flanking 
region of the SMC gene. Although the new sequence apparently 
does not contain a TATA box, it does contain other motifs 
commonly found in tissue-specific promoters. The 5’ flanking 
sequence shows promoter activity in both rat mammary epithelial 
cells (MEC) and human lung and colon epithelial cell lines, but 
not in COS-7 cells, suggesting tissue specificity. Moreover, 
deletion mutants transfected into rat MEC and human colon 
tumour (HCT) cells display different patterns of activity, 
suggesting different regulatory mechanisms in different tissues. 
Taken together, these data suggest that the rat SMC/Muc4 
promoter has been identified, it is tissue specific, and it has 
different regulatory mechanisms in different cell types 


EXPERIMENTAL 
Materlals 


COS-7, HCT-116 cells and NCI-H292 human lung carcinoma 
cells were obtained from A.T.C.C. Probe A2G2-#9, which 
comprises the 5S’ 1.7 kb of SMC cDNA, has been described in 
[13] Anti-ASGP-2 mouse monoclonal antibody 4F12 has been 
described in [30]. Unless otherwise stated, all cell culture supplies 
were purchased from Gibco Life Technologies. The positive 
control vector for the p50 subunit of human DNA polymerase 
delta was generously given by Dr Marietta Lee. 
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Cell culture 


Preparation and culture of normal rat MEC has been described 
previously in [29]. COS-7 cells were maintained in Dulbecco's 
modified Eagle's medium supplemented with 10 % fetal bovine 
serum, 100 units/ml penicillin, and 100 ug/ml streptomycin. 
HCT-116 cells were maintained in McCoy’s 5A medium supple- 
mented with 10% fetal bovine serum, 1 mM L-glutamine, 100 
units/ml penicillin, and 100 ug/ml streptomycin. Human lung 
carcinoma NCI-H292 cells were maintained in RPMI 1640 
medium supplemented with 10% fetal bovine serum, 100 
units/ml penicillin, and 100 ug/ml streptomycin. 


Primer sequences 


Oligonucleotide primers were synthesized from sequences in the 
5’ umque region of SMC cDNA: L-19: 5-АСТАСССАСА- 
GGCTCACCIC-3; AI-L: S-ACCTCTGTGCTGTGGAG- 
ATT-3; R-85: S'-CTCCCTCAGGAATCTCCACAGCAC- 
AGA-3; А1-5: S-TTCTCTGGAGCCATGCGAGG-3'; R- 
173: 5'-GGCAAGAACACAGGCAGCTCAGACACA-3'; R- 
187: '-AGGTAGCAGGAGGAGGCAAQG-3'; L-197. 5’ TCA- 
ACTACATCAGCCCCGAA-3’; R-339: j'-GAAGTAACCAT- 
CGGTGATGC-3’. 


Library screening 


A normal rat liver EMBL3-SP-6/T7 library was obtained from 
ClonTech Laboratories (Palo Alto, CA, U.S.A.). Phage were 
plated on Escherichia coli K802 at a density of 50000 plaque 
forming units/150 mm plate, and incubated overnight at 37 °C. 
Phage were lifted on to positively charged nylon filters and 
denatured in 1.5 M NaCl, 0.5 M NaOH. Denatured DNA was 
crosslinked using a Stratalinker (Stratagene, La Jolla, CA, 
U.S.A.). The membranes were prehybridized for at least 2 h at 
42 °C in prehybridization solution [50% formamide, 5x SSC 
(where 1 х SSC is 0.15 М NaCl/0.015 M sodium citrate), 5 x 
Denhardt's reagent, 0.1 % SDS, and 0.5 mg/ml salmon sperm 
DNA]. The probe A2G2-#9, а 1.7 kb probe which spans the 5' 
unique region and four tandem repeats of SMC cDNA, was 
random primed labelled with [**P]dCTP using a Random Primed 
Labeling kit (Boehringer Mannheim). The membranes were 
hybridized overnight at 42 °C ın prehybridization solution con- 
taining 0.1 g/ml dextran sulphate and the labelled probe. 
Following hybridization, membranes were washed once at room 
temperature in 2xSSC with 0.1% SDS for 15 min, twice at 
50°C in 2xSSC with 0.1% SDS for 20 min each, and once 
at 50 °C ш 0.1 x SSC with 0.1% SDS for 15 min. Signals were 
detected by exposure with Kodak XAR-5 X-ray film. Positive 
clones were confirmed on duplicate filters and purified to 
homogeneity through three more rounds of screening. Phage 
DNA was isolated using the manufacturer's protocol from the 
LambdaPhage DNA midiprep kit from Qiagen. 


Southern blotting 


PCR products or digested DNA samples were resolved on 1% 
agarose gels. Resolved DNAs were depurinated by soaking the 
gel in 0.25 M HCI for 15 min, then transferred to positively 
charged nylon membranes under denaturing conditions (0.4 M 
NaOH) overnight, and crosslinked using a Stratalinker. Hybrid- 
izations were carried out using the recommended protocols from 
the Boerhinger Mannheim Digoxigenin Labeling kit. Briefly, 
membranes were prehybridized in prehybridization buffer 
(5xSSC, 1.0% blocking reagent, 0.1% N-lauroylsarcosine, 
0.02% SDS) for 1 h at 63 °C, followed by hybridization for 4h 
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at 63 *C to oligonucleotides which were digoxigenin end-labelled 
The membranes were washed three times with 2 x SSC, 0.1% 
SDS at 63 °C, and once with 0.5 x SSC, 0.1% SDS at 63 °C. For 
development, the membranes were blocked for 30 min with 
blocking buffer (100 mM Tris/HCl (pH 7.5), 150 mM NaCl, 
294 blocking reagent], incubated with alkaline phosphatase- 
conjugated anti-digoxigenin antibody for 30 min in blocking 
buffer, and washed twice with wash buffer [100 mM Tris/HCl 
(pH 7.5), 150 mM NaCl]. Membranes were developed with Lumi- 
Phos 530 or disodium 3-(4-methoxyspiro-{1,2-dioxetane-3,2’- 
(5’-chloro)tricyclo[3.3.1.1.13,7]}}decan-4-yl)phenyl phosphate 
(‘CSPD’, Boehringer Mannheim), and signals were detected by 
exposure to Kodak XLS film. 


PCR-based DNA walking 


A PromoterFinder PCR-based DNA walking kit was purchased 
from ClonTech Laboratories. High-molecular-mass genomic 
DNA was purified from 13762 MAT-C1 ascites cells or normal 
rat liver tissue, and its quality was determined by electrophoresis 
on a 0.595 agarose gel. The isolated DNA was digested overnight 
with five different rare cutting blunt-end restriction enzymes: 
Dral, EcoRV, Pvull, Scal and Stul. After digestion, each sample 
of digested DNA was purified by phenol/chloroform extraction 
and ethanol precipitation. A portion of each purified DNA 
sample was ligated to an adapter provided in the PromoterFinder 
kit using the manufacturer’s recommended protocol. The 
resulting enzyme-digested, adapter-ligated genomic DNA pools 
were then ready to be used for PCR. 

The first PCR reaction was performed using adapter primer-1, 
a primer from the ligated adapter region, and the gene-specific 
primer R-173. Cycling conditions were 94 ?C for 30 s (1 cycle); 
94 °С for 30 s, 59 °C for 30 s, 72 °С for 3 min (40 cycles); and 
72°C for 10 min (1 cycle). The second PCR reaction was 
performed on 1 ul of PCR product from the first round of PCR. 
The second set of primers, AP-2 (from the ligated adapter region) 
and R-85, were ‘nested’ completely within the region amplified 
by the first set of primers. Cycling conditions for the second 
round of PCR were 94 °C for 30 s (1 cycle); 94 °C for 30 s, 71 °C 
for 3min (40 cycles); and 71?C for 7 min (1 cycle). PCR 
products were resolved on 1% agarose gels, and the resulting 
bands were confirmed by hybridization to digoxigenin-labelled 
oligonucleotide L-19 


Constructs 
Original constructs 


The p10-Sal construct, which contains the entire phage insert 
from phage clone 10-2, was generated by excision of the entire 
SMC genomic insert with Sall, which only cleaves in the phage 
multicloning region, not in the insert region. This insert was 
ligated into the Sa/I-digested pSport vector (Gibco Life Tech- 
nologies). The pCR2.1-EV plasmid was generated by cloning the 
major 600 bp PCR product produced in the EcoRV sample from 
PCR-based DNA walking into the T/A cloning vector pCR2.1 
(Invitrogen, Carlsbad, CA, U.S.A.). The pCR2.1-NDI plasmid 
was generated by cloning the major 2400 bp PCR product from 
the Dral sample from PCR-based DNA walking into the T/A 
cloning vector pCR2.1. 


Reporter constructs 


A BamHl-Xbal fragment from pCR2.1-EV was ligated to 
pCAT3Basic (Promega) digested with Nhel-Bglll to yield 
pFEcoRV. A Kpni—Xhol fragment from pCR2.1-EV was ligated 


to pCAT3Basic (Promega) digested with KpnI-Xhol to obtain 
pREcoRV. Similarly, KpnI-Xhol and BamHl-Xbal fragments 
from pCR2.1-NDI were ligated to pCAT3Basic digested with 
Kpni-Xhol and Nhel-Bglll respectively, to create pFDral and 
pRDral. pSmal was generated by inserting the Smal—Xhol 
fragment from pCR2.1-NDI into pCAT3Basic, which was 
digested with Sacl, filled in with T4 DNA polymerase, and 
redigested with XhoI. pBamHI was obtained by digesting 
pCR2.1-NDI with BamHI, filling in the overhang with T4 DNA 
polymerase, and redigesting with Xhol. The resulting fragment 
was inserted into pCAT3Basic, which was digested with Sacl, 
filled in with T4 DNA polymerase, and redigested with Xhol. 
рЕсо47Ш was generated by inserting a Eco4711I/ Xhol fragment 
from pCR2.1-NDI into pCAT3Basic, prepared as described 
above. pNcol was prepared by digesting pCR2.1-NDI with 
Ncol, filling in the overhang with T4 DNA polymerase, and 
redigesting with XhoI. The resulting fragment was ligated into 
pCAT3Basic prepared as described. рНіпаш was constructed 
by digesting pCR2.1-NDI with Hindlll, filling the overhang with 
T4 DNA polymerase and redigesting with XhoI. The resulting 
fragment was ligated into pCAT3Basic prepared as described. 
pEcoRI and pPstI were created by ligating EcoRI/T4 DNA 
polymerase and Pstl/T4 DNA polymerase fragments from 
pCR2.1-NDI to pCAT3Basic digested with Smal and de- 
phosphorylated with calf intestinal alkaline phosphatase. 

The ligation mixtures were used to transform electro-com- 
petent INVa-F ' (Invitrogen) Е. coli, and colonies were screened 
by filter hybridization to digoxigenin-labelled oligonucleotide L- 
19, or by restriction mapping from plasmid mini-preps. Plasmid 
preparations were performed for the appropriate clones with a 
Qiagen maxi-prep kit For reporter constructs XL-1 Blue E. coli 
(Stratagene) were chemically transformed and selected by con- 
venient restriction digestion. 


Transfections 


HCT-116, NCI-H292 human lung carcinoma, or normal primary 
rat MEC were transfected with reporter vectors using the 
recommended protocol for LipofectAMINE (Gibco Life Tech- 
nologies). Transfections were performed in tnplicate. Cells and 
conditioned media were harvested 48 h after transfection. Briefly, 
cells were washed twice with Dulbecco’s PBS without calcium. 
To each well 300 ul of Reporter Lysis Buffer (Promega) was 
added. The cells were incubated in a shaker for 15 min at room 
temperature and scraped with a rubber policeman. The samples 
were centrifuged for 10 min at 4°C and the resulting super- 
natants were utilized for subsequent chloramphenicol acetyl- 
transferase (CAT) and f-galactosidase assays The f-galacto- 
sidase activity, used to monitor transfection efficiency per well, 
was performed as follows: 1 ml of 60 mM Na,-PO, 40 mM 
NaH,PO, 10mM KCl, 1 mM MgCl, 50 mM f-mercapto- 
ethanol, and 0 2 ml of o-nitrophenyl galactoside (2 mg/ml ш 
60 mM Na,HPO,, 40 mM NaH,PO,) were added to 15 ul (HCT 
116), 100 ш (NCI H292), 50 ul (COS7) and 120 ul (MEC) of cell 
extract. The reaction was carried out at 37°C, until a yellow 
shade was obvious, and stopped by adding 0.5 ml of 1 M Na,CO,, 
so that the absorbance at 420 nm ranged from 0.2 to 0.7. 
f-Galactosidase activity was expressed as D,,, x 100, and extra- 
polated to the reaction time in hours for the total of 300 ul of 
cell extract. Under these conditions the -galactosidase activity 
obtained ranged from 200—600 units per well of HCT 116 cells, 
200—450 units per well of COS-7 cells, 50—300 units per well of 
NCI H292 cells, and 30—250 units per wel] of MEC. 

CAT assays were performed with the amounts of extracts 
corresponding to equal Z-galactosidase activity, and then brought 
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to 125 ul with lysis buffer (Promega); 5 ul of 25 mM acetyl-CoA 
and 0.5 ,4Ci of ?*C-chloramphenicol (50 mCi/mmol, New 
England Nuclear) were added, and the reaction was performed at 
37 °C. Considering that acetyl-CoA 1s rapidly degraded, it was 
added again in the reaction for MEC. The incubation time at 
37 *C was usually 1 h but in the case of MEC the CAT reaction 
was left overnight. The reaction was stopped and the chlor- 
amphenicol was extracted with 1 ml of ethyl acetate. The solvent 
was dried, the pellet resuspended in 15 д1 of ethyl acetate, and 
spotted on a silica gel thin-layer plate to separate the native 
chloramphenicol from its acetylated derivatives. Migration was 
in chloroform/methanol (19:1, v/v) for 1 h. After overnight 
autoradiography, the spots were cut out and counted to 
quantitate the amount of chloramphenicol converted into its 
acetylated forms. 

Reporter construct results were calculated as the percent 
chloramphenicol converted from the normalized CAT assay. For 
transfection studies, results were calculated as the percent activity 
of the positive p50 control. For deletion mutant studies, results 
were calculated as the percent activity of the longest construct, 
pFDral. 


RESULTS 
Characterization of SMC 5’ genomic clone 


In an effort to 1solate the promoter of the SMC gene, a rat liver 
genomic A EMBL-3 SP-6/T-7 library was screened with **P- 
labelled A2G2-#9, which spans the 5’ 1.7 kb of the SMC cDNA 
and comprises the entire unique region and four repeats (Figure 
1A). Two positive clones (10-2 and 7-1) were isolated and 
partially characterized. Sall digestion of both clone 10-2 
and clone 7-1 separated the entire insert fragment from the two 
phage arms of 21 kb and 9 kb. The insert sizes for clone 10-2 and 
clone 7-1 were approx. 18 kb and approx. 14 kb respectively, so 
the clones were different but overlapping. When clone 10-2 and 
clone 7-1 were probed with oligonucleotide R-339, which lies just 
5' of the repeat region, only clone 10-2 digests hybridized. This 
result suggests that the genomic insert of clone 7-1 stops within 
or at the 5' end of the repeat region and that clone 10-2 contains 
more SMC/Muc4 5' sequence. 

For further characterization, the entire insert of clone 10-2 was 
subcloned into the pSport vector yielding pl10-Sal. A partial 
restriction map of p10-Sal is shown in Figure 2. Long-range PCR 
between primer R-339 and T7 using p10-Salas a template yielded 
a product of approx. 8.5 kb. Since primer К-339 is a right (3’-5’) 
primer, this result suggests that clone p10-Sal contains approx. 
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Figure 1° Probes and primers used In these studles 


(А) Schematic representation of SMC/Muc4 probe А262-#9 (B) Relative posibons of 
oligonucleotide pnmars used in these studies 
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Figure 2 Characterization of phage clone 10-2 


Restriction map and schematic representation of clone p10-Sal Box indicates coding sequence, 
striped region indicates repeat sequences 
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Figure 3 Preliminary genomic map of the 6’ regions of the rat SMC/Muc4 
gene 


Stnped region in exon 2 indicates repeat sequences 


8.5 kb of SMC sequence upstream of this primer (Figure 2). The 
area of interest 1s the 5’-most region of the gene. Therefore to 
determine if clone p10-Sal contains any of the most 5’ coding 
region of the SMC/Muc4 gene, SacI digests of clone p10-Sal 
were subjected to Southern-blot analysis with several oligo- 
nucleotides from the 5’ region of the SMC cDNA: R-339, R-187, 
Al-S, Al-L, апа L19 (see Figure 1B for positions of the oligo- 
nucleotide probes). Clone p10-Sal did not hybridize to any of the 
5’ probes tested (results not shown), suggesting that this clone 
does not contain any of the 5’-most sequence of the SMC gene. 

Clone p10-Sal was sequenced in the 5’ direction from the 
oligonucleotide primer R-339 to determine how much known 
coding sequence it contained. From R-339, the sequence was 
identical to 120 bases of the SMC/Muc4 cDNA sequence. After 
120 bases, the sequences diverged, suggesting the presence of an 
intron. Only 196 bp of known sialomucin coding sequence lies 
upstream of the putative intron. In subsequent experiments, this 
196 bp region is called exon 1. Sequence generated from the 5' 
end of p10-Sal failed to align with the 5'-most 196 bp of the 
SMC/Muc4 coding region, again suggesting that this clone does 
not contain SMC/Muc4 exon 1 or any 5’ flanking sequence. 
Clone p10-Sal was also sequenced in the 3’ direction from primer 
L-197. For approx. 600 bp of sequence obtained, the genomic 
sequence was identical to the 5' unique region and tandem repeat 
region originally described for the SMC cDNA, with no divergent 
sequence. This result suggests that exon 2 contains the bulk of 
the 5’ unique sequence, and at least part of the tandem repeat 
domain. The presence of divergent sequence and the lack of 
hybridization to -any of the most 5' oligonucleotide probes 
suggests that the phage clone р10 contains at least part of rat 
SMC/Muc4 exon 2 and at least part of a large intron but none 
of the 5'-most coding or flanking regions (Figure 3). 
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Figure 4 Cloning of SMC promoter 


(A) Schematic representation af PromoterFinder PCR-based DNA walking (B) Oligonucleotide 
L-19 hybridization of DNA walking products denved from ascites tumour celis (lef panel) and 
normal rat liver (right panel) DNA Samples are indicated at the top of the blots Molecular mass 
markers are indicated to the left of the blots 


Cloning of the SMC promoter 


After screening 3.5 x 10° phage with SMC/Muc4 5’ probes, no 
exon l-containing phage clones were identified, suggesting that 
no exon l-containing phage were present in the normal rat 
genomic library. Thus a new approach was used to identify 
the SMC promoter. Using PCR-based DNA walking with the 
ClonTech PromoterFinder Construction kit, 600 bp from ascites 
tumour DNA and 2.4 kb from normal rat liver DNA of new 
genomic sequence were isolated 5' of the known SMC cDNA 
sequence. To accomplish this, five different genomic DNA pre- 
parations were used for PCR-based DNA walking by the 
scheme outlined in Figure 4(A). For each DNA preparation two 
rounds of PCR were performed. The first PCR reaction was 
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performed using a primer from the ligated adapter region and a 
gene-specific primer. The second PCR reaction was performed 
using ‘nested’ primers for both the adapter and gene-specific 
regions. The gene-specific primers chosen for the two rounds of 
PCR for both the normal and tumour samples were 27-mers, R- 
173 and R-85, which are located in the putative first exon of the 
SMC gene (Figure 1B). The first round of PCR was carried out 
using a standard three-step protocol of 40 cycles, followed by a 
7-min extension. On an ethidium bromide agarose gel, smears 
ranging from approx. 4kb to 500 bp were visible for all the 
DNA preparations. For each DNA preparation, 1 ul of 
first-round PCR product was used as a template for the 
second-round 'nested' PCR. The second round of PCR was 
carried out using 40 cycles and a two-step protocol, where the 
annealing and extension steps were combined into one step. 
The Т, values of the gene-specific primers were high (72 °C), and 
the single step annealing and extension at 71 ?C allowed for more 
specific product amplification. 

On an ethidium bromide-stained agarose gel of the second- 
round PCR, discreet bands of approx. 600 bp in the EcoRV and 
450 bp for Scal samples were visible for the tumour DNA 
preparations. Several discreet bands, including 2.4 kb in Dral, 
600 bp in EcoRV, 2.0 kb in Poull, and 800 bp in Stul samples, 
were visible for the normal DNA preparations. An A2G2-#9 
positive control, prepared in a manner similar to that for the 
genomic samples, yielded a discreet product of approx. 3.0 kb for 
the first round of PCR, and a smear for the second round. A 
human positive control Рриїї library amplified with primers 
provided in the kit yielded the expected product of 1.5 kb, while 
all negative control samples showed no amplification. To confirm 
which bands were authentic, the products were probed with 
oligonucleotide L-19. All bands hybridized with this probe, 
suggesting that all the products contain 5’ SMC sequence (Figure 
4B). 

The 600 bp EcoRV band from the tumour DNA and 2.4 kb 
Dral band from normal DNA were the largest products for 
each genomic DNA preparation tested. Therefore they were each 
cloned into the pCR2.] vector using the Invitrogen TA cloning 
kit, yielding plasmid pCR2 1-EV for the tumour and plasmid 
pCR2 1-nDI for the normal. Plasmids pCR2 1-EV and pCR2.1- 
nDI were sequenced from the T7 promoter and a M13 reverse 
sequence contained in the vector. The insert sequences obtained 
for the tumour and normal samples aligned with the first 85 bases 
of the 5’ end of known SMC/Muc4 sequence, and contained 
approx. 500 bp or 2.4 kb of new sequence upstream respectively. 
The region between bases —700 and +1 has approx 50% GC 
content, while upstream the sequence gradually becomes more 
AT-rich. The new normal and tumour sequences are identical for 
the 600 bp they have in common. A pattern search yielded no 
TATA box close to the described transcription start site [13], but 
motifs were identified which are commonly found in promoters, 
such as a CAAT box, activator protein-l and -2 sites, SP-1 
transcription factor sites, GAS sequence, oestrogen response and 
glucocorticoid response half-sites (Figure 5). 


Promoter activity of 600 bp and 2.4 kb clones 


To determine if the 2.4 kb Dral and 600 bp EcoRV fragments of 
new 5’ SMC sequence obtained from the normal rat have 
promoter activity, these sequences were subcloned into the 
reporter construct pCAT3-Basic in the forward and reverse 
directions to yield pFDral and pRDral for the 2 4 kb fragment 
and pFEcoRV and pREcoRV for the 600 bp fragment re- 
spectively. To test for promoter activity, these constructs along 
with pCAT3-Basic (with no insert as a negative control), p-Zgal 
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‚ MYIC-MAX 
-2407 GTAATACGAC TCACTATAdG GCACGCGOGD ТСТАТТАСОА CTCACTATAG 
МҮС-МАХ АР-1 


-2357 [GGCACGCGTG] GTCGACGGCC GOGCTGGTAA 


~2307 еллы сем AGCOCAGGTC TCCTGGTCAG стотка 
-2257 meko Мосс IM TGAGTGGAAG ATTCTCTGTA 
-2207 TTAGCTAACT GTTAGTTCCA тётейсерто GAGGTITTTG СССТТСАТСС 
-2157 ATGAGAAGGT GTAATTTAGA GAGTGTCACC AAGGCAACAA AACAAACACA 
-2107 AATGAATACC ATCACCACCA CCACCACCAA САССАТСАТС ААСАСТАССА 
-2057 CCATCAGTAT CAATACCATC ACCAGCATCA жос} САССАСТАСС 


* CCAAT 
-2007 CCATCACCGG CATCAGTACC АССАССАССА CAAACAPCAA TAACACCATC 


-1957 AMCACTACCA CCACCACCAC СААСАССАТС ATCAACACTA CCACCATCAG 
CCAAT 

-1907 ТАТСААТАСС ATCACCACCA TCAACACCAA ТАССАЛСАСТ ACCCCATCAC 

-1857 CAGCATCAGT ACCACCACCA CCACAAMCAC СААСААСАСС АТСААСАСТА 

-1807 CCACCACCAC CACCACCGOC ACCGCCACCA ССАССАССАС САССАССАТС 

“1757 жел таса GGGCACOGTA GCACATICCT GAGGCTGAGG 

-1707 CAGGAGGCTC AAGATTCTCA GGCCAGCCTG GGCTATATAG CAAGACACGG 


-1657 CTTCATCAAA CAAAAGGAAA TAAACAARAC CCCAGGTGGC AAGTTACTAA 
ҮҮІ 


-1607 GGAGGAACTA TGAGCARGAC TTGATGTOGA GGTGGGAGÉA ATGGPGCAGT 
fae 


-1557 GGCAAAGAGA ACGYGCAGCC GTTGCAGGGG ADCOGGGCTC AGTTCCCAGC 
Вити 
-1507 ACCCACACOG CAGCTCACAA ACTGTCTCTA АТТССАСТТС CAGGBGRTCC) 


-1457 хм ЕТЕР Ghreserrer кайт стел ССААСТСАБА| 
СОР Co? 
салот ERERSAGGEK Spanzacntn cocxcncaan талл абута 


-1357 AAAGAAAAAA GGGCTOTCAT AAAAGAATUA CCCCTAAGAT CAAGGGTCCC 
-1307 TEETE GTTTTCMGTG ATGGCTTCCT GTCATCCTGT CABGGCACCT 
-1257 CACATCCCTC CTCCTAAAAA CAATGGAGTA 
-1207 ACTTGGTICA TACCCAGGMG MN m GARGGTCATA a 
-1157 TAGTATCATA nee CTACACAGAG CGCAGTTTAS qoam 
-1107 хттсссоф Смс ACTGGTGTTG ттмәоттсар ©МӨсстт 
-1057 GGTGGCEGTC TCTGAAAAGG паса т CCTCOGCAMS 


-1007 GTTGGCTCTG CCTGAGAGTG CCAANCTGTT GATTTTTATC TTGGGCTGTG 


-957 ТСТҮТОСТСТ AGGMCCAGTC ACTCATAGAC ACCCACTCYT GGTGAATGGC 


-757 TCAGTCTGAG TTCTGAGAGG TTGTCTAMAT TGGTGAd : GGG 


r-ra 
-707 GTGATCCAAG CCTCCGATIC TCTAGGGGCA cccdrcActo cacarcardg] 


-657 "сте ОЗ TACCTAGTAT СССТОТТААС ССТАСТААСС TTGGCAAATC 





Figure 5 Sequence of 6’-flanking reglon of SMC/Muc4 


Common promoter motifs and restricton sites are shown in bold above the corresponding 


Sequence 
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10 20 30 40 
* * * * 
Rat M—-GICTCT--GICCTTCCTTCIGAARTGACCTGGCTGCO À FTCTA 
Human GTACAGCCCCARGGTCGCTCCCTCTG-—-GGCCCTTTCTTCCCCATTCTT 
50 60 70 
* * * 
Rat С--АОТАССАСТАСССАСТО--------—-- —CAGACCCAGGAGAGGGAG 
Human CCCAGCAGCCCAAAGCTCTGGTGGGACAGGGGCAGCCCCTOGGGAGGGAG 
80 90 100 110 120 
* ж * * * 
Rat GAAAGGTCTCAGGGGCCGTAGGC-AGGAAGGTGCCCTCTCTCACTTCCCG 
Human GAGAGGACCCAGGAACC--CGGCTAGGAGGGTGGCC-CACCCATTTCCAG 
130 140 150 160 170 
* * * * * 
Rat CCAGTCTTGTTTCTCFTTCCCTACATCCCTCTCCTACCCTCCCTCCCACT 
Human TGTGACCTGTTCCCATTCCCCCATGTCTC-CTCCCATCCCTCCCGCCACT 
180 190 200 210 220 
* * * * * 
Rat TGGCTCAAGTTGAC-AGAAGCAGAGCCATGAGTGTTCAGGTATTARTTTT 
Human CAGCTCAGGCTGATGAGAAGCAGAGCAACGGGTGTATCGGTGT- —— TTC 
230 240 250 260 270 
* * * * * 
Rat TTTCCTGGTGGGGGAAAAGGGTGGGGATTGAGGAAAGAAAAGACTGGGTA 
Human TTTCCTGGTGGGGTAGTGGGGTGGGG-CTGAGGAGAGAABAA- - — GGG—- 
280 290 300 310 320 
* * * * * 
Rat BGAATARTTGGCATGAGGCCACGCCTTCTTTTGTCCTCCTCCCCCTAGTA 
Human ~~ = TGATTAGCGTGGGGCCCCGCCCTCTTTTGTCCTCTTCCC-—-AG-G 
330 340 350 360 370 
Rat CTCATTCIGGCCCCTTCAGGGARATACACCTG-TTGGGGCCAGCAGCCAG 
Human TTC--CCTGGCCCCTTCGGAGAAACGCACTTIGGTTCGGGCCAGCCGCCTG 
380 390 400 410 420 
* * ж * * 
Rat TAGGGACAGGCTCACCTCTGCTCCTCCTGCTGCCACCTCTGTGCTGTGGA 
Human AGGGGACGGGCTCACGTCTGCTCCTCACACTGCAGCTGCTGGGCCGTGGA 
430 440 450 460 
* ж * + 
Rat GATTCCTGAGGGAGCCTAAGGGATTCT--CTGGAGCC 
Huamn GCTTCCCCAGGGAGCCAGGGGGACT TTTGCCGCAGCC 


Figure 6 Comparison of rat SMC/Muc4 and human MUCA 6’-flanking 
regions 


Table 1 CAT conversion in promoter assays 


Values given as %. 

Cell line pFDral pRDral pFEcoRV — pREcoRV p50+ pCAT3-Basic 
HCT-118 33 05 53 1 90 20 
NCIH1292 6 0.5 9 0.5 12 1 

COS-7 8 2 2 1 45 05 





(as transfection efficiency control), and p50 (a housekeeping gene 
promoter as positive control) were transfected into HCT-116 and 
human lung carcinoma NCI-H292 epithelial cell lines. These cell 
lines were chosen for initial reporter construct analysis because 
they have been reported to express MUC4 [33,34]. The first 
approx. 450 bases of the new rat 5’ flanking region is approx. 
70% homologous to that described for human MUC4 [35] 
(Figure 6), suggesting that the rat promoter may also have 
activity in MUC4-expressing human cell lines. The fibroblast cell 
line COS-7 was also used to test tissue specificity, as SMC/MUC4 
has only been reported in epithelial cells rather than stromal 
(fibroblastoid) cells. Normalized CAT assays were performed 
(Table 1), and the results were plotted. The forward constructs of 
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Figure 7 Promoter activity of rat SMC/Muc4 promoter sequence in 
transfected cell lines 


Human lung carcinoma cell ling NCI-H282, HCT-116 and COS-7 cells were transfected with 
empty vector (pCAT3Basic), positive. contro! p50 subunit of DNA polymerase, or reporter 
constructs containing 24 kh (pFDral and pRDral) or 600 bp (pFEcoRV and pREcoRV) in 
forward and reverse onentations Cells were cotransfected with f-galactosidase vectors to 
normalize for transfechon efficiency Normalized CAT assays were performed and CAT 
conversion for the p50 positive contro! was set at 100% Results for reporter constructs were 
plotted as percent tota! acbvity of the positive p50 control 


both the 2.4 kb and 600 bp fragments have much higher activity 
than the reverse constructs in both HCT-116 and NCI-H292 cell 
lines (Figure 7). Promoter activity from both constructs is 
substantially lower 1n COS-7 cells, suggesting that this promoter 
activity 1s tissue specific to epithelial cells, as expected. The level 
of CAT conversion in cells transfected with the pCAT3Basic 
vector is most likely due to an enhancer element present in 
this vector. However, the marked lack of CAT activity in cells 
transfected with the reverse promoter constructs indicates that 
the promoter activity detected with the forward promoter con- 
structs is authentic. Moreover, the higher levels of promoter 
activity in cells transfected with pFEcoRV constructs suggests 
that elements which confer epithelial specificity are present in the 
proximal promoter. Taken together, these data indicate that at 
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Figure 8 Activity of SMC/Muc4 promoter deletion mutants 
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least part of the SMC promoter has been identified and that it 1s 
tissue specific. 

The initial pattern search yielded several positive and negative 
regulatory elements in the SMC/MUC4 5’ flanking region 
(Figure 5). To further investigate promoter activity of the 
SMC/Muc4 5' flanking sequence, deletion constructs initiating 
from bases —2407, —1523, — 1462, —1180, —1067, —834, 
—802, —490 and —291 were produced in the pCAT3Basic 
vector (Figure 8). These constructs were transfected into rat 
primary MEC or HCT-116 cells and assayed for promoter 
activity. The activity of each deletion construct was plotted as a 
percent activity relative to that of the largest construct, pFDral 
(Figure 8). Promoter activity was different in both cells types 
with the deletion constructs. MEC promoter activity was greatly 
enhanced in the longer (рта, pBamHI, pEco47-3) and shorter 
(pEcoRV and pPstI) constructs. In HCT116 cells activity was 
enhanced in the pBamHI and the three shortest constructs. These 
data suggest that there are positive regulatory elements in both 
the proximal and distal SMC/Muc4 promoter and that there are 
negative regulatory elements in the intermediate and far distal 
regions of this promoter. Further, these data suggest that there 
are elements in the distal promoter region which confer cell 
specificity for MEC and colon. 


DISCUSSION 


The main goal of these studies was to isolate the SMC/Muc4 
promoter to begin elucidating how this gene is transcriptionally 
regulated in normal tissues and how its misregulation may lead 
to aberrant expression in tumour cells. Genomic library screening 
did not produce the SMC/Muc4 promoter. However, it yielded 
a large clone containing the repeat domain, part of the 5' unique 
sequence, and part of a large intron Interestingly, the crude 
exon/intron map of SMC/Muc4 is strikingly similar to that 
described for human MUCA [35]. The putative first exon of the 
rat SMC gene 1s approx. 190 bp, and encodes a 5' untranslated 
region and 27 amino acids which comprise the putative signal 
peptide, followed closely by a large intron. The presence of both 
primers used for PCR-based DNA walking on the same small 
genomic DNA fragments, and the absence of any other sequence 
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Deletion mutants of the SMC/Muc4 promoter were generated by rastnction digests of the new 5° SMC flanking region as oullined in the Expenmental section. Deleon mutants and f-galactosidase 
vectors (to normalize for transfection efficiency) were transfected into primary МЕС or HCT-116 calls Normalized CAT assays were performed, and CAT conversion for the largest construct pFDral 
was set at 100% Results for deletion constructs were plotted as percent total activity of the pFDral reporter construct 
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divergence within the first 85 bp of SMC cDNA and genomic 
DNA, suggests that this 190 bp 15 the first exon of the SMC/Muc4 
gene. Clone 10-2 contained ~ 8.5 kb of intron sequence and no 
exon 1 sequence, so the full size of rat SMC/Muc4 intron 1 is not 
known at this time. Like rat SMC/Muc4, the first exon of the 
human MUC4 gene encodes the S’ untranslated region and 
the first 27 N-terminal residues followed by a 15kb intron 
[35]. The second exon of the human MUC4 gene contains three 
large tandem repeats similar to those in rat SÉMC/Muc4, a 554 
amino acid unique region, the large 16 amino acid tandem repeat 
domain, and another small unique sequence [35]. Sequencing in 
the 3’ direction from primer L-197 indicates that the second exon 
of the rat SMC/Muc4 gene contains the bulk of the 5’ unique 
region and at least part of the tandem repeat region. Based on the 
striking similarity of the 5’ ends of the.rat SMC/Muc4 and 
human MUC4 genes, we suggest that the second exon of the rat 
SMC gene contains the 5’ unique region, all of the tandem repeat 
domain, and at least part of the 3’ unique region of ASGP-1. It 
is interesting to note that the tandem repeat domains of several 
mucins are located on a single exon of their respective genes [36]. 
The exon/intron boundaries of the ASGP-2 subunit are as yet 
unknown. Thus a preliminary genomic map for rat SMC has 
been generated from these data, which shows strong similarity to 
that described for the human homologue of SMC, MUCA [35]. 

Using an alternate PCR-based DNA walking protocol, 
PromoterFinder from ClonTech Laboratories, 600 bp and 
2400 bp of new 5’ sequence were obtained from 13762 tumour 
cell and normal rat DNA respectively. Both of these fragments 
were sequenced, and for the 600 overlapping base pairs, the 
sequences were identical. A pattern search yielded no TATA 
box, but several important promoter motifs were identified. 
However, due to the small size of these sequences, their presence 
does not confirm that these DNA sequences contain the normal 
or tumour SMC/Muc4 promoter. Thus these sequences were 
cloned into the pCAT3Basic reporter vector in both forward and 
reverse orientations and transfected into HCT-116, NCI-H292, 
and COS-7 cells to test for promoter activity. The forward 
constructs had much higher activity than the controls and 
exhibited epithelial cell specificity, indicating that these fragments 
contain at least part of the epithelial-cell-specific SMC/Muc4 
promoter. Moreover, transfection of deletion constructs into 
MEC and HCT-116 cells suggests complex regulation of this 
promoter, with positive regulatory elements in the proximal and 
distal promoter regions, and negative regulatory elements in the 
intermediate and far distal regions. This result is to be expected 
given the complex spatial and developmental expression patterns 
reported for the SMC/Muc4 protein [28]. Taken together, these 
data indicate that at least part of the SMC/Muc4 promoter has 
been identified and that it is tissue specific. 

Not much is currently known about mucin gene promoters. 
The MUCI promoter is the best studied of the mucin gene 
promoters. As in the SMC/Muc4 promoter, the MUCI promoter 
contains two $Р-1 sites. Mutation of these sites results in reduced 
transcription of reporter constructs in MUCl-expressing epi- 
thelial cell lines. However, mutation of the more proximal site 
increased transcription 1n non-epithelial cells lines, suggesting 
that this SP-1 site may be involved in tissue specificity [37]. The 
promoter of rat MUC2 also has an SP-1 site that has been 
proposed to be involved in tissue specificity of this gene [38]. SP- 
1 sites are found less frequently in tissue-specific promoters; 
however, other proteins, which are as yet unknown, can bind to 
the same core element (GGGCGG), suggesting that interactions 
of several factors may be involved in tissue-specific gene ex- 
pression [37,39]. It remains to be.seen if the SP-1 sites in the SMC 
gene promoter contribute to its tissue-specific regulation. 


© 2000 Biochemica! Society 


There are other regions of the SMC gene that will be of interest 
to study, such as the oestrogen response element and gluco- 
corticoid response element half-sites. Ishikawa cells, a hormone- 
responsive human epithelial cell line, have been shown to express 
MUC4 (human SMC) [38]. Treatment of these cells with 
oestrogen or dexamethasone results in an increase in MUC4 
RNA levels. Treatment with progesterone alone does not affect 
MUC4 RNA levels, but does inhibit MUC4 upregulation by 
oestrogen [38]. This is in agreement with SMC/Muc4 expression 
in rat uterus, which is strongly upregulated at the transcript level 
by oestrogen [40] However, upregulation of SMC/Muc4 by 
oestrogen appears to be an indirect effect mediated by uterine 
stromal cells (N. Idris and K. L. Carraway, unpublished work). 


In.addition, we have shown that transforming growth factor-£ 


downregulates SMC/Muc4 at the transcript level directly in 
uterine luminal epithelial cells. We have also recently demon- 
strated that in mammary epithlelial cells, SM C/Muc4 is partially 
regulated at the transcript level by an ERK-dependent pathway 
(X. Zhu, S. A. Price-Schiavi and K. L. Carraway, unpublished 
work) Thus it will be of interest to determine which areas of the 
SMC/Muc- promoter are involved in regulation of SMC in 
normal tissues and how it 1s misregulated ın tumour cells. 
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The thermostability of Streptomyces Imidans xylanase B (SIxB- 
cat) was significantly increased by the replacement of its N- 
terminal region with the corresponding region from Thermo- 
monospora fusca xylanase A (TfxA-cat) without observing a 
decrease ш enzyme activity. In spite of the significant similarity 
between the amino acid sequences of the two xylanases, their 
thermostabilities are quite different. To facilitate an under- 
standing of the contribution of structure to the thermostability 
observed, chimaeric enzymes were constructed by random gene 
shuffling and the thermostable chimaeric enzymes were selected 
for further study. A comparative study of the chimaeric and 
parental enzymes indicated that the N-terminus of TfxA-cat 
contributed to the observed thermostability. However, too many 
substitutions decreased both the thermostability and the activity 
of the enzyme. The mutants with the most desirable charac- 


teristics, Stx15 and Stx18, exhibited significant thermostabilities 
at 70 °С with optimum temperatures which were 20 °C higher 
than that of SIxB-cat and equal to that of TfxA-cat. The ability 
of these two chimaeric enzymes to produce reducing sugar from 
xylan was enhanced in comparison with the parental enzymes. 
These results suggest that these chimaeric enzymes inherit both 
their thermostability from TfxA-cat and their increased reactivity 
from SixB-cat: Our study also demonstrates that random 
shuffling between a mesophilic enzyme and its thermophilic 
counterpart represents a facile approach for the improvement of 
the thermostability of a mesophilic enzyme. 


Key words: chimaera, biobleaching, Streptomyces lwidans, 
Thermomonospora fusca, xylan. 





INTRODUCTION 


Xylan is the most abundant hemicellulose in the cell walls of 
terrestrial plants and is usually associated with the cellulosic and 
lignin components Xylan consists of a backbone of f-(1,4)-D- 
xylopyranoside residues which are commonly substituted with 
acetyl, arabinose and 4-O-methyl-glucuronose residues. A wide 
variety of micro-organisms is known to produce xylan-degrading 
enzymes. The enzymic cleavage of 5-1,4-xylosidic linkages is 
performed by xylanases (/-1,4-xylan xylanohydrolase, EC 
3.2.1.8). On the basis of amino acid similarities, xylanases are 
classified into the glycosyl hydrolase families 10 and 11 [1] Their 
biotechnological applications are of interest to the animal-feed, 
food-processing, and pulp-and-paper industries. In particular, 
xylanase has been found to be effective in reducing chlorine 
dosage requirements in the Kraft pulp-bleaching process [2]. The 
xylanases used in biobleaching applications are usually family- 
11 xylanases. This is because a low-molecular-mass enzyme is 
desirable for fibre penetration, and a lack of cellulase activity 
is required to maintain pulp yield and strength. In addition, it 1s 
desirable that xylanases used for biobleaching are stable and 
active under alkaline conditions at high temperatures. There has 
been a considerable amount of research devoted to identifying 
new xylanases and improving the properties of wild-types 
of xylanases to meet the requirements of the pulp-and-paper 
industry. 

Thermomonospora fusca xylanase A 1s known as one of the 
most thermostable xylanases, retaining 96% of its activity even 
after 18 h at 75 °C [3]. Xylanase A consists of a substrate-binding 
domain and a catalytic domain connected by a linker region. The 
amino acid sequence of the catalytic domain of the enzyme 


shows that it belongs to family 11 and it has 72% identity with 
the catalytic domain of Streptomyces lividans xylanase B. How- 
ever, the thermostabilities of the two xylanases are quite different 
— the stability of S. lwidans xylanase B decreases gradually above 
37 °C [4]. Thus T. fusca xylanase A is a thermostable homologue 
of S. lividans xylanase B and, as such, these two enzymes are 
suitable for studying the mechanistic aspects of thermostability. 

DNA shuffling is a powerful approach for studying structure— 
function relationships. However, to our knowledge, no DNA 
shuffling work has previously been performed on xylanases. In 
the present study, we chose the random fragmentation and PCR 
reassembly method [5,6] and DNA coding from the catalytic 
domains of xylanase A from T. fusca (TfxA-cat) and xylanase B 
from S. lividans (SIxB-cat) to construct a pool of chimaenc 
xylanases. Resulting chimaeric enzymes displaying thermo- 
stability were selected, and the properties of these enzymes were 
compared with those of the parent enzymes. 


MATERIALS AND METHODS 
Preparation of TixA-cat and 51хВ-еаї genes 


The DNA encoding of the TfxA-cat was amplified from the 
plasmid pD731, which was kindly provided by Professor David 
B Wilson (Section of Biochemistry, Molecular and Cell Biology, 
Cornell University, Ithaca, NY, U.S.A.). The PCR primers used 
were: TfA-N (5'-GTGGGATCCGCCGTGACCTCCAACGA- 
GACCGGGTACC-3’) and TfA-CdB (5'-GTGCTGCAGTT A- 
GCTGGTGCCCAACGTCACGTTCCAGGACCCGCTGC- 
TCTG-3) TfA-N includes the BamHI recognition site 
(underlined), .which occurs just before the first codon of the 


Abbreviations used TfxA-cat, catalytic domain of Thermomonospora fusca xylanase A, SIXB-cat, catalytic domain of Streptomyces Iividans xylanase 
B, LB, Luria-Bertani, RBB-xylan, 4-O-methyl-p-glucurono-p-xylan-Hemazol Brilliant Blue R 
î To whom correspondence should be addressed (e-mail bushi@ffpn affrc go ур) 


© 2000 Biochemical Society 


652 Н. Shibuya, S. Kaneko and К. Hayashi 


mature enzyme. TfA-CdB includes the C-terminal region of the 
catalytic domain; the termination codon is shown 1n ifalics and 
the PstI recognition site is underlined. One base was intentionally 
changed and 1s shown in bold type. This base was changed to 
remove the BamHI cleavage site which exists in the original gene. 

The gene encoding the SIxB-cat was amplified from the 
genomic DNA of S. lividans 66 mycelium using the following 
PCR primers: SIB-N (5'-GTGGGATCCGACACGGTCGT- 
CACGACCAACCAGGAGGGC-3) and SIB-C(5'-GTG- 
CIGCAGTTACCCGCCGACGTTGATGCTGGAGCTGCC- 
3’). SIB-N includes the BamHI restriction site (underlined), 
which 1s located just before the first codon of the mature enzyme. 
SIB-C includes the C-terminal region of the catalytic domain; the 
termination codon is in italics and the PstI restriction site is 
underlined 

Amplification of DNA was performed using a MiniCycler® 
(MJ Research, Watertown, MA, U.S.A.) employing the follow- 
ing temperature program: 5 min at 98 °C, 25 cycles of 1 min 
at 98 °C, 1 min at 65 °C, 1 min at 72 °C, followed by 10 min at 
72 °C. After the first 5 min denaturation step the temperature 
program was paused, TaKaRa LA Tag® (1.25 units; Takara 
Shuzo, Shiga, Japan) was added to the reaction mixture (25 ul), 
and the temperature program was immediately continued. Using 
this method, GC-rich target genes were efficiently amplified. The 
PCR products were subcloned into pCR2.1 (Invitrogen) and 
the nucleotide sequences were confirmed. TfxA-cat and SixB-cat 
genes were cleaved by BamHI and PstI and ligated with pQE30 
(Qiagen) using the BamHI and PstI sites to obtain pTfxA-cat 
and pSixB-cat respectively. 


DNase | digestion and fragment reassembly 


Approx. 6.0 ug of pTfxA-cat and pSIxB-cat were diluted to 90 д1 
with distilled water and 10 ul of 10x DNase I buffer [0.5 M 
Trs/HCIl (pH 7.4)/100 mM MgCl] was added. These plasmids 
were digested with DNase I (0.88 unit) at 25 °C for 15 min and 
the digests were electrophoresed on a 2%-(w/v)-agarose gel. 
DNA fragments (< 100 bp) were extracted from the gel and 
recovered in 50 д1 of distilled water. The resultant DNase I 
digests were mixed (total 6.4 ul) and 1.0 ul of 10 x PCR buffer 
(Takara Shuzo), 1.0 ul of 25 mM MgCl, and 1.6 ul of dNTP 
mixture (2.5 mM each) were added The subsequent PCR 
program used was the same as described above, except that 
annealing was performed at 45°C. A portion of this reaction 
mixture (8.0 ul) was added to 0.2 ul of 10 x PCR buffer, 0.2 ul of 
25 mM MgCl, and 1.6 wl of dNTP mixture, and the PCR was 
repeated. This extra PCR step was necessary to complete the 
assembly of the DNA. 


PCR amplification of the fragment reassembly products 


PCR was carried out using 2.5 д1 of the fragment reassembly 
products using the pnmers 30BU (5'-CTATGAGAGGATCG- 
CATCACCATCACCATCACGGATCC-3’) and 30PL (5’-CA- 
GGAGTCCAAGCTCAGCTAATTAAGCTTGGCTGCAG- 
35, which correspond to the outer region of the BamHI and PstI 
sites of pQE30 respectively. The PCR products were digested 
with BamHI and Pstl, purified by agarose-gel electrophoresis, 
then ligated into pQE30 between the BamHI and PstI sites. The 
recombinant plasmids were transformed into Escherichia coli 
М15[рКЕР4] (Qiagen) and plated on to Luria—Bertani (LB) agar 
containing 50 ug/ml ampicillin, 50 ug/ml kanamycin and 0.5% 
4-O-methyl-p-glucurono-p-xylan—Remazol Brilliant Blue В. 
(RBB-xylan; Sigma). The colonies which were capable of acting 
on RBB-xylan were picked for screening. 


© 2000 Blochemical Society 


Screening for thermostable chimaeric enzymes 


The colonies of recombinant E. coli were transferred on to 
an RBB-xylan plate [0.5% RBB-xylan and 1.5% agar in 
0.4 x Mclivaine buffer (1 x McIlvaine buffer is 0.1 M citric acid/ 
0.2 M Na,HPO,), pH 5.7] using toothpicks and the plate was 
incubated at 60°C for 1 h The plate was then left overnight at 
room temperature. ‘Successful’ colonies were identified by their 
ability to form a distinct halo 1n the RBB-xylan-containing agar. 


Enzyme production and purification 


The recombinant E. coli was grown at 37°C in 100 ml of LB 
medium containing ampicillin and kanamycin until an attenuance 
(D,,,) Of 0.7 was reached. A 100 д1 portion of 1 M isopropyl 1- 
thio-f-bD-galactoside was added and incubation was continued 
for a further 5 h. The cells were harvested by centrifugation at 
10000 р for 15 min and resuspended in 50 mM phosphate buffer, 
pH 7.0 (5 ml). The cells were sonicated three times for 2 min each 
time in a Branson model 250D sonifier, and cell debris was 
removed by centrifugation. The supernatant was subjected to 
FPLC (Pharmacia Biotech FPLC system) using a column of 
HiTrap chelating resin charged with Ni** and equilibrated with 
50mM phosphate buffer, pH 7.0. After application of the 
enzyme, the column was washed with 50 mM phosphate buffer, 
pH 7.0, followed by the same phosphate buffer containing 
100 mM imidazole. The enzyme was then eluted with 250 mM 
imidazole in the same phosphate buffer. 


Assay of xylanase activity and protein determination 


Soluble birchwood xylan (Fluka), prepared as described pre- 
viously [7], was used in the determination of xylanase activity. 
Assays were performed in 0.4 x McIlvaine buffer, pH 5.7, con- 
taining 5 mg/ml soluble birchwood xylan and 0.1 mg/ml BSA. 
The pH value of the McIlvaine buffer was confirmed at room 
temperature After incubation at 50 °C for 30 min, the reducing 
power released was measured by the Somogyi-Nelson method 
[8], using D-xylose as the standard. Thermostability was tested by 
heating enzyme samples (1043-2 ug of protein/ml) containing 
1.0 mg/ml BSA and 0.4 x Mcllvaine buffer, pH 5.7, at 70 °C for 
various periods of time, then assaying the activity as described 
above. K, and k,, values were determined using substrate 
concentrations ranging from 0.4 to 10 mg/ml xylan. Assays were 
performed as described above, except that the reaction mixture 
was incubated for 5 min at 40 °C and the production of reducing 
sugar was measured by using p-hydroxybenzoic acid hydrazide 
[9] Protein concentration was measured using DC Protein Assay 
Reagents (Bio-Rad) with BSA as the standard 


RESULTS 
Construction and screening of chimaeric xylanases 


The amino acid sequence similarities of TfxA-cat and SIxB-cat 
are shown in Figure 1. TfxA-cat and SIxB-cat consist of 189 and 
191 amino acid residues respectively, with 148 residues being 
identical. The recombinant enzymes exhibit the same activity as 
the native enzymes when soluble xylan 1s used as the substrate. 
Both 7. fusca xylanase A and S. lividans xylanase B are known 
to be composed of a catalytic domain, a binding domain and a 
linker region [3,10]. It has been reported previously that the 
removal of the substrate-binding domain from the native enzyme 
has no effect on the hydrolysis of soluble xylan [3,11]. Both 
TfxA-cat and SixB-cat were functionally expressed in E. coli and 
showed similar properties to those reported for the native 
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Figure 1 Amino acid sequence comparison of SixB-cat and TIxA-cat 


The SixB-cat and TixA-cat genes were amplified by PCR and the amino acid sequences shown 
were deduced from the nucleotide sequences The amino acid numbering corresponds to SixB- 
cat. The secondary-structure elements (arrows Indicate -strands and dotted lines indicate 
helices) refer to xylanase XYNII from 7 reeser [19] For TfxA-cat, only the amino acids which 
differ from StxB-cat are shown 


enzymes [3,4]. Using the random-gene-shuffling technique, the 
DNA fragments encoding the catalytic domains TfxA-cat and 
SixB-cat were used in the construction of a pool of chimaeric 
xylanase genes. Equimolar mixtures of DNase I digests of TfxA- 
cat and SIxB-cat genes were reassembled by PCR without primers. 


2 9 12 24 31 
1136 8 | 11131623] 301 3336 


SIxB-cat 
076 (Stx18) Ё 


556265 76829293 102104105 





The resultant shuffled genes were digested with BamHI and Pstl, 
and inserted into the expression vector pQE30, then transformed 
into E. coli by electroporation. For the selection of a chimaeric 
enzyme with higher thermostability than SIxB-cat, recombinant 
E. coli colonies produced by the random-gene-shuffling method 
were placed on to RBB-xylan plates and incubated at 60 °C for 
| h. Theoretically, colonies capable of acting on RBB-xylan after 
this treatment possessed either the TfxA-cat gene or were 
thermostable mutants, because these incubation conditions inacti- 
vated SlxB-cat. In cases where the recombinant enzyme is not 
stable at 60 °C, only a small halo, due to residual activity, is 
produced. A small halo may also indicate low specific activity, 
even if the enzyme is relatively thermostable at 60 °C. Using this 
screening method, 18 colonies were selected from a total of 48 
colonies as thermostable mutants relative to SIxB-cat. 


Sequence analyses of the chimaeric xylanases 


The amino acid sequences of the chimaeric xylanases were 
determined and are shown in Figure 2(A), along with the halo 
sizes after 1 h incubation at 60 °C. The sequences indicate that 
DNA shuffling of the TfxA-cat and SIxB-cat genes was successful. 
From the 18 thermostable colonies, only 15 different chimaeric 
genes were obtained, since three colonies were found to share 
identical sequences and also another two colonies were found to 
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Figure 2 Schematic diagrams of parental and chimaeric enzymes and thelr residual activities on RBB-xylan plates 


(А) DNA shuffling was carried out with an equimolar mixture of the DNase | digests of TlxA-cat and SixB-cat genes The colonies of recombinant £ cof were transferred on to an RBB-xylan plate 
Tha plate was; incubated at 60 °C for 1 h and then ЮЙ overnight at room temperature Colonies that were capable of acting on RBB-xylan after this treatment were selected (B) DNA shuffling 
and the following screening methods were the same as described above except that SixB-cat and 51х23 genes were used for the construction of a pool of chimaenc xylanase genes and were 
muxed in the ratlo 3:1 The halo size 1s indicated a$^ +, < 1mm, +,1-3mm, +-+, 3-5 mm, +++, > 5mm The 43 amino acds different between TixA-cat and SixB-cat are shown 


In the schematic diagrams Ал asterisk (“) indicates a mutational change (D110Y and Y170D) 
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Figure 3  Heat-Inactivation time courses of the parental and chtmaerk 
enzymes 


The parental and chimaenc enzymes were heated at 70 °C in 0.4 x Mellvaine buffer, pH 57, 
containing 1.0 mg/ml BSA The residual activity was measured at 50°C with 5 mg/ml 
soluble xylan In 04 x Mcllvaine buffer, pH 57 


share the same sequence. In chimaera 118 a one-point mutation 
(D110Y) occurred, resulting in the amino acid change of Asp!!? 
to Tyr. 

All of the selected chimaeric enzymes possessed N-terminal 
regions derived from TfxA-cat, indicating that this segment 
of TfxA-cat was essential for demonstrating activity under 
the screening conditions. Although chimaera 076 produced the 
largest halo, it possessed the smallest number of amino acid 
substitutions relative to SIXB-cat. Amino acid substitutions in the 
region between the 50th and 100th amino acid residues appear to 
affect the size of the halo on the RBB-xylan plate For example, 
the difference between chimaeras 076 and 074 is due to five 
additional amino acid residue substitutions from TfxA-cat in 
chimaera 076, which are located in this region. The halo size 
produced by chimaera 074 was smaller than that of chimaera 
076. By contrast, comparing the sequences of the chimaeric 
enzymes indicates that the various substitutions occurring be- 
tween the 100th and the 170th amino acid residues had little 
effect on the halo size. These observations suggest that amino 
acid substitutions occurring in the N-terminal region are essential 
for activity at high temperature; however, substitutions in other 
regions have only minor or negative effects on the formation of 
haloes under the screening conditions employed. 

To obtain additional chimaeric enzymes whose N-termini were 
partially replaced by the corresponding region of TfxA-cat, we 
constructed a pool of chimaeric genes between SlxB-cat and 
chimaera 074. DNase I digests of the SlxB-cat and chimaera 074 
genes were mixed in a 3:1 ratio to decrease the chance of 
chimaera 074 reconstructing itself or producing mutants with 
only minor changes. Four colonies were selected from a total of 
290 colonies using the same screening method described above, 
and the amino acid sequences of the four colonies were de- 
termined (Figure 2B). These chimaeric enzymes, namely Stx2, 
Stx4, Stx12 and Stx15, had one, four, 12 and 15 amino acid 
substitutions relative to SixB-cat respectively. Stx2 also had 
another substitution, Y170D (Tyr!'? > Asp), resulting from a 
point mutation occurring in the PCR step. These four different 
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Tabla 1 Kinetic constants for parental and chimaaric enzymes 


Xylanase actrities were determined af 40 °C using soluble xylan in 04 x Mcllvaine buffer, 
pH 5.7 The concentration of soluble xylan employed ranged from 0 4 fo 10 mg/ml 


Enzyme Ka (mg/ml) Ka (S) ka! K, 
SIxB-cat 10 75 

Sb 19 67 35 
5х4 16 85 54 
Sb12 14 88 63 
S15 12 " 64 
S18 11 77 70 
S023 14 41 29 
TixA-cat 18 85 47 





enzymes were selected for further study, along with chimaeras 
076 (Stx18) and 074 (Stx23). 


Thermostablity 


TfxA-cat, SlxB-cat and the six chimaeric enzymes were purified 
to homogeneity by SDS/PAGE (results not shown) using a 
nickel-chelating FPLC column. The residual activities of these 
enzymes after heating at 70 °C are shown ın Figure 3. TfxA-cat 
was stable at 70 °C, even after incubation for 240 min, in contrast 
with SlxB-cat, which lost 50% of its activity after only 1 min. All 
of the six selected chimaeric enzymes were more stable than SIxB- 
cat. Stx2 exhibited 50% of its initial activity after 3 min 
incubation at 70 °C, indicating that having only two amino acid 
substitutions relative to SlxB-cat increased the half-life of the 
enzyme three-fold. Stx4, having four amino acid substitutions 
relative to SIxB-cat, also displayed an increase 1n half-hfe under 
these conditions. Significant improvements in thermostability 
were achieved by Stx15 and Stx18, as they displayed half-lives of 
about 120 min. Stx12 and Stx23 also showed an imptovement in 
thermostability, but the half-lives of these mutants were far less 
than those of Stx15 and Stx18. 


Reducing-sugar productivity from soluble xylan 


Kinetic constants for the parental and chimaenc enzymes are 
shown in Table 1. The К/К values obtained for the Stx4, 
Stx12, Stx15 and Stx18 were intermediate between those of SIxB- 
cat and TfxA-cat, indicating that these mutants were as functional 
as the parent enzymes in performing the hydrolysis of xylan. In 
contrast, k,../K,, values for Stx2 and 51х23 were lower than the 
values for the parent enzymes. Both the К, and К, values for 
Stx2 were inferior to the values obtained for the parent enzymes. 
The K, value for Stx23 was not significantly different from that 
of the parent enzymes, but the &,,, value was about half that of 
the parent values. 

The xylan-hydrolyzing activities of the chimaeric enzymes 
were determined at various temperatures and the results com- 
pared with those of the parent enzymes (Figure 4). Improvement 
in the thermostability of Stx4, Stx12, Stx15 and Stx18 was 


paralleled by an increase in the production of reducing sugar at į 


elevated temperatures Stx4 and Stx12 were most active at 65 °C, 
10°C higher than the optimal temperature of SIxB-cat. It is 
noteworthy that Stx4 was significantly more active at 65 °C than 
SIxB-cat, and this difference 1s due to only four amino acid 
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Figure 4  Reducing-sugar productivity of parental and chimaeric enzymes 


Enzyme reactions were performed in 04 x Mellvaine buffer, pH 5 7, containing 0 1 mg/ml 
BSA The data plotted are averages for three independent experiments 


substitutions. Stx15 and Stxl8 exhibited maximal activity at 
75 °C, which was 20 °C higher than that displayed by SIxB-cat 
and was equal to that of TfxA-cat. Remarkably, Stx18 produced 
1.4 times more reducing sugar than TfxA-cat at 75 °C, although 
SIxB-cat was inactivated at this temperature. For these four 
chimaeric enzymes (Stx4, Stx12, Stx15 and Stx18), the enhanced 
thermostability contributed to an increase in reducing-sugar 
production at elevated temperatures. Stx23 also exhibited a rise 
in the observed optimum temperature (65 °C); however, it was 
less active than the above four chimaeric enzymes when compared 
at 65 °C. Stx2, which was more stable than SIxB-cat at 70 °C, did 
.not demonstrate an increase in the optimum temperature and 
showed poor reducing-sugar productivity compared with SIxB- 
cat. These results indicate that even if a mutant displays good 
residual activity after heating, it is not necessarily enzymically 
functional at that temperature. 


DISCUSSION 


Two thermostable family-11 xylanases were crystallized and 
structural contributions to their stabilities were predicted. The 
crystallographic structure of Bacillus D3 xylanase revealed that 
surface aromatic residues form hydrophobic clusters between 
molecules [12]. These intermolecular hydrophobic contacts in- 
duce aggregation at high protein concentrations and may con- 
tribute to the thermostability of the xylanase. The crystal 
structure of the thermostable xylanase from Thermomyces 
lanuginosus, a thermophilic fungus, has been also described [13]. 
Its thermostability was ascribed to an extra disulphide bridge 
and 1on-pair interactions throughout the protein. 

Attempts to improve the thermostability of family-11 xylanases 
have previously been reported [14,15], but have been only 
partly successful. These results showed that the increase in 
residual activity observed after heating does not always contri- 
bute to activity at high temperatures. Although the mutants 
were thermostable compared with the wild-type, they were less 
active at low temperatures. It 1s common for significant con- 
formational changes to occur in enzymes during catalysis [16]. 
The conformational changes occurring in xylanase from Tricho- 
_ derma reesei were studied on the basis of crystal structure 


[17,18]. Structural changes led to the opening and closing of the 
active site, and this probably plays a role in the function 
of the enzyme. Therefore amino acid substitution which enhances 
the thermostability of an enzyme may often change its molecular 
structure, causing a deterioration in the enzyme activity observed. 

To facilitate an understanding of the contribution of structure 
to the thermostability, we constructed the chimaeric enzymes of 
TfxA-cat and SIxB-cat by random gene shuffling. Chimaeric and 
parental enzymes used in this study were purified to homogeneity 
on SDS/PAGE and the activity that ıs seen 1s directly comparable 
with that of the parental enzyme. As shown in Table 1, the k 
values for the purified chimaeric enzymes were close to that of 
the parental enzymes, except for Stx23, indicating that these 
mutants were as functional as the parental enzymes. 

In the present study we revealed that the N-terminus of TfxA- 
cat contributes to thermostability. Stx2, which has two amino 
acid substitutions, Q24P (Gln** 2 Pro) and Y170D, showed an 
enhancement in thermostability at 70 °C. Of the two amino acid 
substitutions, Q24P must be responsible for the enhancement of 
the thermostability, because it was found in all thermostable 
chimaeric enzymes in the present study, except for Stx4 (Figure 
2). Pro* is thought to be located between two strands, B2 and 
A2 [13,19], and seems likely to contribute to structural stability by 
reducing the entropy of the unfolded state [20] Stx4, which 
consists of four amino acid substitutions relative: to SIxB-cat, 
also displayed an enhancement in thermostability. Pro?, which 
is located in the loop between -strands A2 and АЗ [13,19], 1s 
also thought to participate in the stabilization of the enzyme in 
a similar manner to Pro“, Enhancement of the stabilities for Stx2 
and Stx4 were, however, relatively small compared with the 
enhancements observed in chimaeras Stx15 and Stx18, indicating 
that proline substitution is only a minor factor in the stabilization 
of the enzyme. 

Significant improvement in thermostability was achieved in 
Stx15 and Stx18. Stx15 has 13 amino acid substitutions and two 
eliminations, and can be regarded as a double mutant of 
chimaeras Stx12 and Stx4 (Figure 2). However, the half-life 
of Stx15 at 70 °C was much longer than those of Stx12 and Stx4 
(Figure 3), indicating that there are other, additional, major 
stabilizing factors present between the substituted residues in 
Stx12 and Stx4. Of the 13 residues, 11, namely Ala?, Ser’, Glu’, 
Thr’, Tyr", His?, AspP, Phe!5, Glu??, Leu" and Pro, are 
predicted to be closely located around the N-terminus. Therefore 
it is likely that these residues are involved in the structural 
stability of the N-terminal region, resulting in a significant 
increase in the half-life of enzymes containing these residues. The 
N-terminal sequence of Cellulomonas fimi xylanase D, another 
thermostable enzyme from xylanase family 11, is similar to that of 
TfxA-cat [21]. This also lends support to the importance of this 
region to thermostability. However, further analysis is required 
to determine the exact contributions of the N-terminal 
residues to the structural stabilization of xylanases. 

For soluble xylan, the К, value for SIxB-cat was 1.0 mg/ml, 
which is far less than that observed for TfxA-cat (1.8 mg/ml), 
although the К, values for SIxB-cat and TfxA-cat were similar 
(75 and 85 57+; Table 1). Stx15 and Stx18 displayed K, values of 
1.1 and 1.2 mg/ml respectively and k,,, values of 77 s^! (Table 1). 
These results indicate that the catalytic capacities of Stx15 and 
Stx18 are similar to those observed for SlxB-cat. Therefore it can 
be said that Stx15 and Stx18 inherit their thermostability from 
TfxA-cat and their catalytic efficiency from SIxB-cat, resulting in 
an observed increase in reducing-sugar productivity at high 
temperatures. 

Our results suggest that random shuffling between a mesophilic 
and a thermophilic enzyme 1s an effective approach for combining 
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the activity and the stability from each of the parental enzymes. 
In general, the evolutionary-design approach produces an in- 
crease in the thermostability of a mesophilic enzyme far more 
readily than a rational approach [22]. In addition, the use of 
naturally occurring sequences increases the functional sequence 
diversity of the chimaeric library, allowing rapid searching of a 
large sequence space [23]. When a mesophilic and a thermophilic 
homologue are available as the starting genetic material, DNA 
shuffling of these enzymes is thought to be a facile approach for 
increasing the thermostability of the mesophilic enzyme without 
cost to its activity. 


We are grateful for the presubmisston editorial assistance of Dr Joanne B Hart In 
the preparation of this manuscript We also thank Ms Setsuko Koyana for her 
technical support throughout this work. This research was supported in part by a 
grant from the Program for-Promotion of Basic Research Activites for innovation 
Biosciences and Rice Genome Project PR-2208, Ministry of Agriculture, Forestry and 
Fisheries, Japan 


REFERENCES 


1 Henrissat, B (1991) Biochem J 280, 309-316 

2 Микал, L, Kantellnen, A, Sundquist, J. and Linko, М (1994) FEMS Microbiol! Rev 
13, 335-350. 

3 Irwin, D, Jung, E D and Wilson, D В (1994) Appl Environ Microbiol 60, 
763—770 | 

4 Kluepfel, D., Vats-Mehta, S, Aumont, F., Shareck, F and Morosoli, R. (1990) 
Biochem. J. 287, 45—50 


Received 25 October 1999/4 Apri 2000, accepted 10 May 2000 


© 2000 Biochemical Society 


Smith, G P (1994) Nature (London) 870, 324—325 

Stemmer, W. Р C (1994) Nature (London) 370, 389—390 

Dupont, C, Roberge, M., Shareck, F., Morosoll, В and Kluepfel, D (1998) Biochem 
J 338, 41-45 

Somogyi, M (1952) J. Bio! Chem 195, 19—23 

Lever, M. (1972) Anal Biochem 47, 273—279 

Shareck, F, Roy, C, Yaguchi, M, Morosoli, R and Kluepfel, D. (1991) Gene 107, 
15—82 

Kaneko, S, Kuno, A, Muramatsu, М, lwamatsu, S, Kusakabe, | and Hayashi, К 
(2000) Biosci Biotechnol Biochem 64, 447—451 

Harris, G W, Pickersgill, R. У, Connerton, 1, Debetre, P., Touzel, J P., Breton, С 
and Pérez, S (1997) Proteins 29, 77—86 

Gruber, К, Klintschar, G., Hayn, М, Schlacher, A, Steiner, W and Kratky, С (1998) 
Biochemistry 37, 13475—13485 

Arase, A, Yomo, Т, Urabe, |, Hata, Y, Katsube, Y and Okada, Н. (1993) FEBS Latt 
316, 123—127 

Wakarchuk, W. W, Sung, W L, Campbell, R. L, Cunrungham, A, Watson, D C and 
Yaguchi, M. (1994) Proten Eng 7, 1379—1385 s 

Gerstein, M, Lesk, A and Chothia, С (1994) Biochemistry 33, 6739-6749 
Havukalnen, R, Torronan, A., Laitinen, T and Rouvinen, J (1996) Biochemistry 35, 
9617-9624 

Mullu, J, Torronen, A, Perakyla, M and Rouvinen, J (1998) Proteins Struct Funet 
Genet 81, 434—444 

Torronen, A and Rouvinen, J. (1997) J Biotechnol 57, 137—149 

Schimmel, P R and Flory, P J (1968) J Mol Biol 34, 105—120 

Millward-Sadler, S J, Poole, D М, Henrissat, B, Hazlewood, G Р, Clarke, J. Н and 
Gilbert, H J. (1994) Mol Microbiol. 11, 375—382 

Атон, F H (1998) Proc Nat! Acad Sct USA 95, 2035—2036 

Cramen, A, Raillard, $ A, Bermudez, E. and Stemmer, W. P. С (1998) Nature 
(London) 391, 288—291 


Essential Reading 
from Portland Press 


The Biology of Nitric Oxide Part 7 


Edited by S Moncada, Cruciform Project, London, UK, L Gustafsson, Karolinska 
Institute, Stockholm, Sweden, P Wiklund, Karolinska Hospital, Stockholm, Sweden 
and EA Higgs, Cruciform Project, London, UK 


1 85578 142 5 Hardback March 2000 400 pages £110 00 


The proceedings of the Sixth International Мееїт on the Biology of Nitric Oxide held at Stockholm, 
Sweden on 5-8 September 1999. 


This book provides an up-to-date overview of the current status of the field with contributions from 
over 400 specialists covering the following areas: 


Molecular Biology, Biochemistry, Physiology, Pathophysiology, Inflammation, Tumours, Apoptosis, 
Novel Compounds and Clinical Aspects. 


Nitric Oxide and the Peripheral Nervous System 


Edited by N Toda, Shiga University of Medical Science, Ohtsu, Japan, 5 Moncada, 
Cruciform Project, London, UK, R Furchgott, State University of New York, USA and 
EA Higgs, Cruciform Project, London, UK 


1 85578 139 5 Hardback June 2000 200 pages £85 00 


This volume provides an overview of NO in the peripheral nervous system, covenng aspects ranging 
from the molecular biology and distribution of neuronal nitric oxide synthase, through the 
physiological and pathophysiological roles of NO ın various nitrergic systems (systems of nerves 
whose transmitter function depends on the release of NO). 


Potential therapies that may arise from our increasing knowledge of this fascinating field of research 
are also reviewed. 
Eicosanoids and Related Compounds 


in Plants and Animals 


Edited by AF Rowley, University of Wales, Swansea, UK, H Kuhn, Humboldt University 
of Berlin, Germany, and T Schewe, Free University of Berlin, Germany 


185578 108 5 Hardback October 1998 240 pages £65 00 


This book provides an up-to-date overview of the nature, modes of biosynthesis, and functions of 


'eicosanoids and related compounds in plants and animals. 


This volume draws together, for the first time, overviews describing the importance of eicosanoids in 
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STATE-SPECIFIC ANTIBODIES ' 


Determination of' the phosphorylation state of 
individua! signaling proteins is the next basic 
requirement for the study of cell signaling. 
Phospho peptide-directed antibodies report the 
phosphorylation state of serine, threonine or tyro- 
sine in the context of a defined sequence of 
flanking amino acids. Posihonal specificity for 
defined phosphorylation motifs affords function- 
al insights into signaling activities. 
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